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A feasibility  study  was  performed  on  the  separation  of  mixtures  of 
fine  powders  (lU^afiE) ) according  to  their  densities  in  a gradient  magnetic 
field.  Using  liquid  oxygen  and  ferrofluids  as  the  separation  media,  low 
yield  separations  of  fine  particle  mixtures  at  densities  up  to  4 GM/oa(^c 
were  achieved.  A particle  interaction  force  of  magnetic  origin  is 
considered  to  be  the  primary  factor  influencing  the  quality  of  the  \ 
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separations.  Additionally  the  use  of  ferrofluid  as  the  separation 
medium  alters  the  apparent  density  of  powders  less  than  about 
inversely  as  their  size  making  an  accurate  separation  by  density 
impossible . Liquid  oxygen  does  not  demonstrate  this  effect  and  is  j 
considered  a promising  medium  for  the  separation  of  fine  powders.  • 
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1.0  SUMMARY 

This  report  presents  the  results  of  a study  examining  the  feasibility  of 
using  magnetic  liquids  operating  in  a gradient  magnet  field  to  separate 
mixtures  of  fine  powders  according  to  their  densities.  The  majority  of  the 
efforts  concentrated  on  evaluating  separation  systenB  using  a colloidal 
suspension  of  very  fine  magnetic  particles.  These  suspensions,  called 
ferrofluids  have  been  applied  successfully  by  Avco  in  the  separation  by  density 
of  mixtures  of  large  items,  such  as  the  non-ferrous  portion  of  automobile 
scrap.  Now,  in  applying  these  techniques  to  the  separation  of  fine  particles 
(1  to  100^  rvi)  several  factors  whose  effects  were  insignificant  in  working 
with  large  objects  became  controlling  elements  in  obtaining  successful 
' separations  of  mixture  of  fine  particles. 

In  any  sink/float  separation  process  it  is  necessary  that  the  materials  to  be 
separated  are  physically  separated  and  dispersed  throughout  the  separation 
medium.  The  use  of  magnetic  liquids  for  fine  particle  separations  introduces 
several  factors  which  tend  to  favor  particle  agglomeration  and  resulting 
mlsclasslflcatlon. 

The  presence  of  non-magnetic  particles  in  a magnetic  liquid  distorts  the 
magnetic  field  around  the  particles  in  such  a way  that  the  particles  are 
I attacted  to  each  other.  This  force  of  attraction  is  directly  related  to 

' the  strength  of  the  magnetic  fluid  and  particle  size  and  inversely  proportional 

i 

, to  interparticle  spacing.  Thus  for  any  particular  separation  system  involving 

j particles  having  a narrow  size  distribution  the  particle  interaction  force 


i 

> " is  minimized  by  operating  with  fluid  of  low  magnetization  and  at  low  volumetric 

i concentration  of  the  narticles. 


A modified  hyperbolic  quadripole  magnet  is  used  to  generate  a magnetic 
field  having  a linear  vertical  gradient.  At  any  point  not  on  the  axis 
of  the  magnet  the  magnetic  field  also  possesses  a horizontal  magnetic 
gradient  which,  iu  the  magnetic  fluid,  results  in  a horizontal  force 
on  all  particles.  This  force  tends  to  propel  the  particles  toward  the 
center  of  the  magnet  thereby  increasing  the  particle  concentration  and 
opportunities  for  particle  agglomeration  and  misclassification.  The  ratio 
of  the  horizontal  magnetic  force  to  the  vertical  magnetic  force  on  a 
particle  is  a function  of  the  location  of  that  particle  within  the  magnetic 
gap  in  the  magnetic  liquid. 

Thus  to  minimize  the  undesirable  centering  force  on  particles  it  is  necessary 
to  operate  at  a low  vertical  gradient  or  to  operate  low  in  the  magnet  gap, 
a situation  which  also  limits  the  maximum  gradient  attainable. 

The  apparent  density  of  a magnetic  liquid  operating  in  a gradient  magnetic 
field  is  proportional  to  the  product  of  the  magnetization  of  the  fluid  and  the 
gradient  of  the  field.  Therefore  the  conflicting  requirements  for  minimum 
particle  interaction  of  low  fluid  magnetization  and  small  magnetic  gradients 
must  be  compromised  and  optimized  to  attain  desired  apparent  density  of  the 
medium.  In  any  case  the  quality  of  separation  is  enhanced  by  operating  at 
low  particle  concentration  at  the  expense  of  particle  separation  rate. 

Ferrofluids  have  demonstrated  an  undesirable  characteristic  of  increasing 
the  effective  density  of  fine  particle  thus  requiring  an  increased  fluid 
apparent  density  to  levitate  fine  particles.  This  results  in  separation  by  size 
as  well  as  density  which  is  an  undesirable  characteristic.  This  phenomenon  has  been 
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tentatively  attributed  to  the  inhomogeneous  nature  of  the  ferrofluid  and  to 
a force  of  attraction  between  the  ferrite  particles  of  the  ferrofluid  and  the 
particles  to  be  separated.  It  appears  that  a layer  of  ferrite  particles 
is  deposited  on  the  particles  to  be  separated  conferring  on  them  magnetic  properties 
such  that  the  particles  respond  in  the  separator  as  if  they  are  of  a different 
density  than  they  actually  are.  This  effect  is  especially  pronounced  in  particles 
below  in  size  and  is  insignificant  for  particles  larger  than  about  100^^. 

This  behavior  is  peculiar  to  ferrofluids  and  was  not  found  when  operating  with 
liquid  oxygen  as  the  magnetic  medium. 

Some  moderate  degree  of  success  in  density  separations  has  been  obtained  with 
ferrofluids  and  liquid  oxygen  on  particles  as  small  as  several  microns  in  size  by 
operating  at  very  low  particle  concentrations.  With  ferrofluids  the  effects  of 
particle  interaction  and  centering  forces  were  circumvented  by  injecting  the  particles, 
essentially  one  at  a time,  into  the  center  of  the  separation  chamber  wherein,  it  is 
assumed,  each  particle  floats  or  sinks  uninfluenced  by  other  particles.  This  injection 
technique  has  not  been  tried  in  liquid  oxygen  but  it  should  work  as  well  in  this 
medium  while  eliminating  the  undesirable  modification  to  the  effective  density 
of  the  particles  experienced  with  ferrofluids. 

At  the  conclusion  of  this  program,  the  agglomeration  and  related  particle  handling 
techniques  had  not  been  sufficiently  developed  to  provide  practical,  large  quantity 
separations.  Further  refinement  of  these  techniques  using  liquid  oxygen  as  the 
separation  medium  appeared  to  be  promising  avenues  for  further  evaluation. 
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2.0  INTRODUCTION 


2,1  Definition  of  the  Problem 

The  analysis  of  particles  released  to  the  environment  from  industrial 
facilities  Is  hindered  because  any  collected  sample  will  contain  many 
foreign  particles  in  addition  to  the  particles  of  interest.  The  collected 
particles .which  are  usually  small  in  size,  are  often  combined  with  others 
in  the  form  of  agglomerates  or  conglomerates.  If  the  particles  of  interest 
are  small,  and  represent  only  a small  fraction  of  the  total  particle  population 
in  the  collected  sample,  finding  and  selectively  analyzing  all  particles  of 
interest  in  the  sample  represents  a formidable  task. 

The  study  of  particulate  emissions  can  be  carried  out  successfully  only  if 
the  particles  of  interest  have  a characteristic  property  which  allows  them 
to  be  Identified  and  then  separated  from  the  bulk  of  the  sample  for  subsequent 
analysis.  Specialized  identification  techniques  exist  for  limited  classes  of 
particles,  but  these  are  i.  specific  that  many  other  particles  of  interest  are 
not  identified  and  thus  often  not  analyzed.  A general  method  of  sample 
preparation  is  required  that  would  not  only  separate  all  particles  of  interest 
from  contaminating  particles,  but,  if  required,  classify  the  particles  of 
Interest  in  various  characteristic  groups.  Such  a process  would  also  have  to 
be  absolute,  in  that  it  could  not  result  in  the  loss  or  misclasslficatlon  of  any 
particles  of  interest. 

Any  method  of  general  applicability  would  have  to  oe  keyed  to  a basic  intrinsic 
physical  property.  The  values  of  this  Intrinsic  property  for  the  particles 
of  interest  as  a class  must  be  significantly  different  than  the  values 
of  this  property  exhibited  by  the  foreign  contaminating  particles . In  order  to 
sub-classlfy  the  particles  of  Interest,  this  intrinsic  property  should  be 
different  for  the  various  classes  of  materials  one  wishes  to  examine. 
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The  method  must  be  able  to  classify  the  particles  smaller  than  20  m 
in  size  which  are  characteristically  found  in  environmental  samples.  Wliile 
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a capacity  to  classify  particles  smaller  than  1 ^ m in  size  would  be  de- 
sirable, major  emphasis  should  be  placed  on  the  classification  of  particles 
larger  than  l>(m  in  size  that  are  of  principal  analytical  interest.  The 
method  should  also  account  for  the  particles  that  are  combined  as  agglomerates 
and/or  conglomerates.  It  must  incorporate  provisions  for  dispersing  the 
agglomerated  materials  into  separate  particles  without  irreversible  physical  or 
chemical  changes.  The  method  should,  furthermore,  be  practical  and  operable 
in  a standard  laboratory  environment. 

2.2  Particle  Classification  by  Density 

Density  is  one  of  the  most  commonly  measured  Intrinsic  physical  properties 
of  a material.  There  are  large  differences  in  the  densities  of  various 
classes  of  solid  materials.  In  particular,  the  densities  of  particles  of 
Interest  released  to  the  environment  from  industrial  facilities  are  significantly 
higher  than  the  densities  of  the  bulk  of  the  unwanted  foreign  particles  also 
present  in  the  sample.  Particles  of  interest  are  characteristically  metal 
oxides  that  have  a relatively  high  density.  As  shown  in  Table  I,  the  density 

O 

of  these  materials  is  characteristically  in  excess  of  3 gr/cm  . The  density 
of  the  principal  contaminants  in  the  collected  sample  are  characteristically 
less  than  3 gr/cm  . These  contaminants  consist  mainly  of  vegetable  origin 
that  have  a density  of  approximately  1 gr/cm  , of  carbonaceous  products 

O 

(e.g.,  soot)  that  has  a density  of  about  1.8  gr/cm  , and  of  common  minerals, 
principally  silicates  (e.g.,  sand)  or  alumino-silicates  (clays),  that  have 

3 

characteristic  densities  of  less  than  3 gr/cm  . Examples  include:  Quartz, 

Si02,  ^ = 2.65  gr/cm^,  and  kaolinite,  AI2O2.  ^ Si02.  2H2O,  /^  = 2.60  gr/cm^. 
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TABLE  I 


DENSITIES  OF  COMMON  METAL  OXIDES 


Compound 

Formula 

Density,  er/cm 

Aluminum  Oxide 

AlzO^ 

3.98 

Chromium  Sesqui- 
Oxide 

Cr203 

5.21 

Cobalt  Oxide 

CO2O3 

5.18 

Copper  Oxide 

CuO 

6.40 

Ferric  Oxide 

Fe203 

5.24 

Lead  Oxide 

PbO 

9.53 

Magnesium  Oxide 

MgO 

3.65 

Mercury  Oxide 

HgO 

11.14 

Nickel  Oxide 

NiO 

7.45 

Silver  Oxide 

Ag20 

7.14 

Stannic  Oxide 

Sn02 

6.95 

Titanium  Oxide 
(rutile) 

Ti02 

4.26 

Zinc  Oxide 

ZnO 

5.47 
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The  examination  and  analysis  of  particulate  pollutants  would  be 
greatly  simplified  if  a preparatory  method  were  available  that  would 
classify  particles  into  three  density  cuts: 

Cut  I Particles  of  density  of  less  than  4 gr/cm^ 

Cut  II  Particles  of  densities  ranging  from  about  4 gr/cm^ 

to  about  7 gr/cm^ 

Cut  III  Particles  of  densities  greater  than  about  7 gr/cm^ 

The  first  cut  would  contain  the  unwanted  particles  and  should  be  free  of 
particles  of  interest.  The  second  cut  and  third  cut  would  be  concentrated 
samples  of  different  types  of  particles  of  interest.  The  technique  should 
be  accurate  to  within  10%,  i.e.,  a 10%  density  overlap  between  cuts  would 
be  allowable. 

2.3  Density  Separation  in  Standard  Heavy  Liquid  Media 

There  exists  standard  laboratory  methods  of  separating  two  or  more  solids 
which  depend  on  the  differences  in  the  densities  of  the  components.  The 
most  common  method  involves  sink- float  separation  in  a liquid  medium. 

Sink-float  separation  operates  on  the  principle  that  when  two  objects  of 

different  density  are  immersed  in  a fluid  of  intermediate  density,  the 

less  dense  will  float  and  the  more  dense  will  sink.  The  separation  is 

completed  by  individually  removing  the  two  solid  fractions.  This  method 

and  its  applications  have  been  reviewed  by  Browning  , While  simple  in  principle, 

solid  separation  by  the  classical  sink-float  method  has  a number  of  severe 

experimental  shortcomings.  These  include: 
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a.  Pure  liquids  or  solutions  do  not  cover  the  range  of 


densities  of  Interest.  Most  liquids  have  low  densities 
whereas  most  solids  have  high  densities.  There  are  very 
few  materials  that  are  liquid  at  ambient  temperature  and 
exhibit  a density  greater  than  2 gr/cm^.  Commonly  used 
heavy  liquids  for  mineral  separation  are  listed  in  Table  II. 

Note  that  these  liquids  all  have  a density  below  5 gr/cm^. 

b.  An  accurate  sink-float  separation  is  obtained  only  if  there 
is  complete  liberation  of  the  different  particles  in  the 
solid  mixture.  If  one  is  dealing  with  very  fine  particles, 
it  is  necessary  to  ensure  that  the  sample  is  well-dispersed 
in  the  sink-float  medium.  Otherwise,  the  agglomerates 

will  behave  as  particles  with  a density  intermediate  between 
those  of  the  ultimate  particles,  thereby  resulting  in 
misclassification  of  the  ultimate  particles.  Browning  reports 
that  fine  powders  tend  to  "ball  up"  in  the  dense  liqui<fe  listed 
in  Table  II,  indicating  extensive  flocculation.  This  is  the 
opposite  of  the  basic  requirement  of  a high  degree  of  dispersion. 

c.  The  density  of  a given  liquid  is  a constant  value  which  is  not 
readily  varied.  Changes  in  temperature  will  only  result  in  small 
variations  in  the  liquid  density.  In  order  to  obtain  different 
density  cuts,  it  is  necessary  to  carry  out  a series  of  sink-float 
separations  in  different  liquids  of  varying  densities.  In  order 
to  prevent  contamination  of  the  different  liquids,  it  is  necessary 
that  the  solids  be  completely  dried  after  each  separation. 


8 


I 

d.  There  is  an  unfortunate  correlation  between  the  toxicity 

and  density  of  liquid  media.  Whereas  carbon  tetrachloride  is 
only  mildly  toxic,  acetylene  bromide  and  methylene  Iodide 
are  considered  toxic,  and  the  thallium  salts  are  extremely 
toxic  and  poisonous  to  the  touch.  Their  use  requires  extreme 
caution  and  special  protective  equipment. 

A variation  of  sink-float  separation  in  a liquid  of  constant  density  is  the 
classification  of  particles  according  to  their  densities  in  a density  gradient 
column.  In  a density  gradient  column,  the  density  of  the  liquid  increases  with 
depth;  the  liquid  at  the  top  of  the  pool  is  less  dense  than  the  liquid  at  the 
bottom  of  the  pool.  A density  gradient  can  be  established  either  by  imposing 
a temperature  gradient  on  a pure  liquid,  adding  heat  at  the  top  of  the  pool 
and  removing  it  at  the  bottom,  or  by  having  a concentration  gradient.  In  the 
latter  case,  two  miscible  liquids  of  different  density  are  added  in  variable 
proportions  along  the  length  of  the  column.  The  concentration  of  the  denser 
liquid  increases  with  column  depth.  Density  gradient  columns  have  been  mainly 
used  as  a method  of  measuring  the  density  of  an  unknown  solid  sample.  By 
calibrating  the  column  with  reference  objects  of  known  density,  the  density 
of  the  liquid  at  any  depth  is  known.  A solid  object  introduced  into  a column 
will  be  in  neutral  buoyancy  at  a depth  where  its  density  and  that  of  the  liquid 
are  equal.  The  equilibrium  position  of  the  solid  in  the  column  is,  therefore, 
a direct  measure  of  its  density. 


TABLE  II 


! 


HEAVY  LIQUIDS  FOR  MINERAL  SEPARATION 


Liquid 

Water 

Carbon  Tetrachloride 


Density  (250Q 
1.00 

1.58 


Tetrabromoethane  (sym)  2.96 

(Acetylene  Tetrabromide) 


Methylene  Iodide  3.32 

Thallium  Formate,  Aqueous  3.5* 

Solution 


Saturated  Thallium  Malonate  - 4.9* 

Thallium  Formate,  Aqueous 

Solution 


*Can  be  diluted  with  water  to  provide  liquids  of  lower  density 


Hazard 

None 

Mildly  Toxic 
Toxic 

Toxid 

Extremely 

hazardous 

Extremely 

hazardous 


i 

i 
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Density  gradient  columns  have  limited  use  as  a means  of  separating  the 
components  of  a particulate  mixture  according  to  their  densities. 

Density  gradient  classification,  in  addition  to  having  the  same  drawbacks 
as  sink-float  separation,  presents  additional  difficulties;  a)  any  mixing 
or  turbulence  destroys  the  density  gradients,  irreversibly  in  the  case  of 
columns  based  on  a concentration  gradient;  b)  preparing  and  maintaining  a 
gradient  coliimn  is  not  easy  and  requires  considerable  art.  Introducing 
and  removing  the  solid  particles  without  upsetting  the  gradient  presents 
severe  problems. 

In  conclusion,  standard  methods  of  sink-float  density  separation  have  severe 
limitations  which  preclude  their  use  as  a method  of  separating  the  components 
of  a particulate  mixture.  An  improved  separation  process  is  required  to 
successfully  exploit  the  differences  in  the  densities  of  different  particles 
in  a collected  sample  in  order  to  obtain  complete  and  efficient  separation 
of  the  particles  of  interest. 


3.0  MAGNETIC  MEDIA  DENSITY  SEPARATION 

3.1  Theory  of  Magnetic  Fluid  Levitation 

A schematic  presentation  of  the  coordinate  system  used  for  the  powder  separation 
magnet  is  given  in  Fig.  3.1.1. 


An  object  immersed  in  a liquid  experiences  a force,  Fg,  due  to  the  gravitational 
attraction  of  the  earth  and  a buoyant  force,  Fb  proportional  to  the  volume  and 
density  of  the  liquid  displaced: 


where 


P 


= — V dynes 
= ^ V dynes 

is  the  density  of  the  object  in  gm/cm^  j 

is  the  density  of  the  liquid  in  gm/cm^ 
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is  a vector  in  the  gravity  direction  with  a magnitude  equal 
to  the  gravitational  constant,  980  cm/sec. ^ 

is  the  volume  of  the  object,  cm^. 

The  minus  sign  indicates  a force  that  is  vertically  downward. 

A magnetic  body  force  is  generated  when  a magnetic  liquid  is  placed  in  a non- 
uniform  magnetic  field.  Under  these  circumstances  there  is  a net  magnetic  force 
on  the  fluid  which  tends  to  drive  it,  like  all  magnetizable  objects,  toward 
the  region  of  highest  magnetic  field  intensity.  The  magnetic  body  force,  is, 

to  a first  approximation,  equal  to  the  product  of  the  induced  magnetic  dipole 
moment,  M,  the  applied  field  gradient,  7^,  and  the  volume  V of  the  fluid. 

Fm  = mTv 

When  a non-magnetic  object  is  immersed  in  a magnetic  liquid  in  the  presence  of 
a magnetic  field  gradient,  there  is  a magnetic  force,  on  the  object  which  tends 
to  expel  it  to  a region  of  minimum  field.  This  magnetic  field  gradient  is  aligned 
to  be  parallel  to  the  direction  of  the  gravity  the  magnetic  body  force  can  be 
adjusted  to  augment  the  natural  buoyancy  of  the  fluid  and  cancel  the  gravitational 
force  on  a nonmagnetic  object.  In  this  manner  an  object  of  high  density  will 
float  in  a magnetic  liquid  of  low  natural  density  as  shown  in  Fig.  3.1.2. 

When  the  object  immersed  in  the  magnetic  liquid  is  itself  magnetic,  the  above 
treatment  must  be  modified.  If  the  dipole  moment  of  the  object 
is  smaller  than  Chat  of  the  ferrofluid,  it  is  still  forced  from  the  region 
of  high  field  to  a region  of  low  field.  The  magnitude  of  the  force  is 
smaller,  however,  than  it  would  have  been  if  the  object  were  completely 
non-magnetic.  The  object  behaves  as  if  it  were  an  object  of  higher 
density  than  its  true  density.  If  the  magnitude  of  the  magnetic  dipole 
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moment  of  the  object  is  greater  than  that  of  the  magnetic  liquid  the 
object  will  move  to  the  region  of  highest  magnetic  field  and  displace 
Che  magnetic  liquid  to  a region  of  lower  magnetic  field.  Such  object 
cannot  be  floated  in  a ferrofluid. 

The  net  force  on  an  object  is 

j:  = + MJTV' 


where  vector  notation  is  introduced  to  accommodate  the  magnetic  gradient 
vector  IP  which  has  components  other  than  vertical  which  are  important  to 
the  separation  of  objects  of  different  densities. 

At  equilibrium  the  gravitational  force  on  the  object  is  exactly  balanced 
by  the  fluid  buoyancy  and  vertical  magnetic  forces  such  that 


and 


or 


Now,  since  the  particle  is  at  equilibrium,  the  apparent  density  of  the 
magnetic  medium,  may  be  defined  as  equal  to  the  density  of  the  particle. 

A constant  vertical  magnetic  gradient, 7^  is  generated  by  a modified 
hyperbolic  quadripole  magnet.  Two  of  the  poles  of  the  quadripole  arrangement 
are  eliminated  by  substituting  a "mirror  plate"  of  magnetic  material  at  a 
plane  of  zero  magnetic  potential.  For  space  and  material  reasons  the  lower 
portions  of  the  hyperbola,  well  removed  from  the  region  of  interest,  are 
truncated.  A coordinate  system  is  established  in  which  X is  the  lateral 
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direction  between  pole  faces,  with  X = 0 being  the  center  of  the  gap  Y 
is  the  vertical  direction  increasing  in  a positive  sense  downward  with 
Y = 0 being  at  the  mirror  plate  and  Z the  horizontal  direction  parallel 
to  the  pole  faces,  orthogonal  to  X and  Y.  Z = 0 is  the  mid  point  of  the 
pole  face. 


For  infinite  Z the  magnetic  field,  H,  between  the  poles  and  below  the 
mirror  plate  is  given  by; 

wheie  e,  and  are  unit  vectors  and  r is  the  magnetic  field  gradient 

along  the  Y axis. 


Also: 


H - IhI=  T 


The  gradient  of  the  magnetic  field  strength  is 

X = ^ H *-"T'  elt  ^ 


Of  interest  also  is  the  ratio  of  the  horizontal  component  of  the  gradient, 


to  the  vertical  component  of  the  gradient,  I 


11^  JL 


The  force  on  an  object  may  now  be  expressed  as: 

£=  [((3-  +•  Mi; 

In  a separation  of  objects  of  densities  differing  by  say,  10%  the 

product  is  adjusted  such  that  the  upward  force  on  a light  object,  g^V+K?,v' 

is  about  5%  greater  than  the  gravitational  force  on  the  object,  ” 

and  the  downward  force  on  a heavy  object  is  5%  less  than  the  gravitational 
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force.  The  net  vertical  force,  upward  or  downward^ is  ratner  small. 


The  horizontal  magnetic  force,  MT^v',  is  directed  inward  toward  X = 0 
and  is  related  to  the  to  the  vertical  magnetic  force  by; 

And  is  thus  seen  to  be  a function  of  the  location  of  the  object  within 
the  magnet  poles.  In  the  center  of  the  magnet  the  horizontal  force  is 
zero;  at  any  other  location  it  can  be  quite  significant. 

As  an  example  .consider  the  forces  on  a particle  located  at  X-Y  coordinates 
(1,  2)  which  is  near  the  surface  of  the  magnetic  liquid  near  the  pole  face 
within  the  "working  volume"  of  the  magnet.  For  these  calculations  let 
= 1 gm/cm^,  P = 3 gm/cm^  and  let  the  net  vertical  force,  Fy,  be  less 
than  the  gravitational  force  on  the  particle  by  5%. 

i...  .j  + = • •JS-  P "a 

and  - -or 

The  vertical  component  of  the  magnetic  force  is 

= MTJ  = C-iyP- 
= Id  13 

The  horizontal  component  of  the  magnetic  force  is 
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A particle  release  from  the  location  indicated  will  move  initially 
Coward  the  center  of  Che  magnet  at  an  angle  A = - - with 

respect  to  the  horizontal.  0 

In  this  case  , -I  ' _ a® 

es  -taio  ^ 

Additional  particle  direction  vectors  have  been  calculated  and  are  shown 


^ cm 


in  Figures  3.1.3,  3.1.4  and  3.1.5  for  A A of  .05,  .10  and  .15  gm/c 
which  would  correspond  to  particle  density  differences  of  10,20  and  307, 
respectively  in  a separation  in  which  the  apparent  density  of  the  magnetic 
medium  is  set  midway  between  the  densities  of  the  component  to  be  separated. 


Figure  3.1.6  is  a plot  of  the  trajectories  of  particles  released  from  several 
locations  within  the  magnetic  liquid  for  conditions  approximating  those  of  the 
laboratory  experiments.  The  particle  trajectories  from  points  A and  B are 
for  a ^ P of  107,  and  from  points  C & D of  157,.  It  may  be  seen  that  the 
horizontal  force  on  a particle  is  predominant  for  particles  well  removed 
from  the  centerline  of  the  magnet  such  that  the  particles  initially  move 
to  the  center  of  the  magnet  more  rapidly  than  they  sink.  The  particles 
then  approach  the  centerline  asymptotically  where  they  descent  in  a line  in 
this  case  or  a narrow  sheet  if  one  considers  the  third  dimension  of  the  magnet. 

It  should  be  noted  that  for  the  density  differences  cited,  which  represent 
realistic  separation  situations,  the  particles  have  moved  to  a very  narrow 
band  within  the  first  inch  of  the  "working  height"  thereby  greatly  increasing 
the  particle  concentration  and  opportunities  for  particle  agglomeration. 
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A separation  of  this  type  in  which  a mixture  of  particles  is  spread  on 
the  surface  or  through  the  volume  would  be  enhanced  by  a large  density 
difference  between  the  particles.  Also  operating  at  higher  densities  the 
natural  buoyant  contribution  of  the  fluid  is  proportionately  less  with 
the  result  that  horizontal  centering  force  will  be  significantly  increased. 

For  a magnet  of  infinite  or  large  pole  face  dimention  the  magnetic  field 
gradient  in  the  Z-direction  is  zero.  In  a practical  situation  there  are 
Z magnetic  gradients  which  must  be  accounted  for.  In  the  rather  narrow 
labbratory  magnet  used  in  the  experiments  of  this  project  there  were  pronounced 
magnetic  gradients  due  to  the  weakening  of  the  magnetic  field  near  the  edges 
of  the  magnet  because  of  fringing  effects  of  the  magnetic  field.  This  effect 
was  minimized  by  applying  magnetic  shim  plates  near  the  edges  of  the  magnet 
to  shorten  the  magnetic  gap  and  thereby  reinforce  the  field  in  those  regions. 

This  is,  however,  only  an  approximate  cure  for  the  problem  because  of  differences 
in  magnetic  saturation  at  various  levels  within  the  gap. 

There  are  three  possibilities  for  the  Z gradient  of  a practical  magnet. 

1.  Z gradient  is  constant.  This  is  unlikely  over  a range  of  magnetic  field 
strength  because  of  saturation  effects  unless  the  pole  faces  are  very  deep 
and  operation  is  restricted  to  a narrow  region  within  the  magnet. 


2.  The  Z gradient  is  pointed  toward  the  center  of  the  magnet.  In  this  case 
particles  would  be  forced  to  move  toward  the  Z = 0 centerline  of  the  magnet 
causing  an  Increase  in  particle  concentration  and  greatly  Increased  opportunities 
for  particle  agglomeration. 


3.  The  Z gradient  is  pointed  away  from 
to  spread  the  particles  from  the  center 


the  center  of  the  magnet.  This  tends 
of  the  magnet.  If  there  are  Intervening 


A 


L 
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walls  then  the  particle  could  tend  to  gather  on  these  walls  preventing 
proper  separation.  If  there  are  no  walls  the  outward  force  may  be  used  to 
removed  particles  from  the  separation  area. 

There  is  not  a mathematical  expression  to  describe  the  Z gradient  and  force. 
However  its  effect  on  particles  has  been  observed  and  its  magnitude  may  be 
described  as  relatively  small  compared  to  the  centering  X-forces.  Nevertheless 
it  is  a force  which  must  be  considered  if  successful  separations  are  to  be 
performed . 
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3.2  Magnetic  Liquids 


3.2.1  Ferroflulds 

Ferrofluids  are  very  stable  dispersions  of  single  domain  magnetic  particles. 

o 

The  suspended  particles  are  so  small  (typically  less  than  150  A)  that  they 
do  not  settle  under  gravity  or  interact  even  in  the  presence  of  a strong 
magnetic  field.  The  magnetic  response  of  a ferrofluid  results  from  the 
coupling  of  individual  particles  with  a substantial  volume  of  the  bulk  liquid. 

This  coupling  is  facilitated  by  a stabilizing  agent  which  adsorbs  on  the  particle 
surface  and  is  also  solvated  by  the  surrounding  liquid.  This  solvated  layer  is 
also  responsible  for  the  stability  of  the  suspension.  By  proper  choice  of 
stabilizing  agent,  magnetic  properties  can  be  conferred  tc  many  liquids 
including  fluorocarbons. 

The  magnetic  properties  of  a ferrofluid  can  best  be  described  by  considering 
the  particles  in  a ferrofluid  to  behave  as  an  assembly  of  non  interacting 
magnets.  Their  magnetic  properties  have  been  successfully  correlated  by 
superparamagnetic  theory,  taking  into  account  the  composition,  size  distribution, 
volume  concentration  and  domain  magnetization  of  the  particles  in  suspension. 

In  the  absence  of  a magnetic  field,  they  are  randomly  oriented  and  the  ferrofluid 
has  no  net  magnetization.  In  a magnetic  field,  the  particles  tend  to  align 
with  the  field  resulting  in  a net  induced  fluid  magnetization,  M.  The 
magnetization  increases  with  increasing  field  until  a saturation  value  is  observed 
as  shown  in  Figure  3.2.1.  Under  these  conditions  the  particle  magnetic  moments  are  all 
aligned  in  the  direction  of  the  applied  field.  As  soon  as  the  magnetic  field  is 
removed,  the  particles  become  randomly  oriented  again  because  of  thermal 
motion.  The  ferrofluid,  therefore,  has  no  residual  magnetization  and  does  not 
exhibit  hysteresis. 
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The  magnetic  moment,  M,  of  a ferrofluid  can  be  expressed  by  a Langevin 
function. 


M 

— = L (a)  = coth 


a - 


where 


vmMdH 

kT 


and  vm  = average  volume  of  magnetic  particle  core 
M:1  = domain  magnetization  of  suspendold 

H = applied  magnetic  field 
k = Boltzman's  constant 
T = absolute  temperature 

At  saturation,  the  magnetic  moment  of  the  ferrofluid  is  given  by: 


Mg  =£  Md 

whe*e ^ is  the  volume  concentration  of  magnetic  colloid. 


Depending  on  the  variation  of  M with  H,  a ferrofluid  pool  in  a constant 
gradient  field  can  behave  either  as  a density  gradient  column  or  as  a liquid 
of  constant  apparent  density  . For  values  of  a 1 

M changes  linearly  with  H and  the  apparent  density 
of  the  ferrofluid  increases  linearly  in  the  direction  of  the  gradient: 

ri  = 4 v„,  MdH 

Mt  ^ KT 

For  Values  of  # I the  ferrofluid  approaches  saturation.  In  high  fields 
the  variation  of  M with  H is  small,  so  that  the  product  Mr  is  essentially 
constant.  Under  these  conditions,  the  ferrofluid  pool  has  an  essentially 
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constant  apparent  density 

Thus  the  mode  of  operation  of  the  ferrofluid  pool,  as  a constant 
density  or  density  gradient  column  can  be  affected  by  proper  selection 
of  the  particle  size  of  the  suspensoid,  large  particle  size  giving 
saturation  at  low  fields  and  constant  density  while  smaller  particles 
delay  magnetic  saturation  and  yield  a gradient  density  column. 

The  saturation  magnetization  of  a ferrofluid  can  be  adjusted  by  varying 
the  concentration  of  colloidal  magnetite.  Stable  ferrofluids  with 

saturation  magnetizations,  4 'U'  Ms  ranging  from  less  than  1 gauss  to  over  I 

1000  gauss  have  been  prepared  at  Avco.  ‘ 

A ferrofluid  remains  a liquid  in  a magnetic  field  because  the  particles 
do  not  interact.  A minor  increase  in  viscosity  (which  can  be  made  as  small 
as  desired)  is  noted  because  of  the  interaction  of  the  particles  with  the  field. 

It  is  to  be  emphasized  that  ferrofluids  are  very  different  from  classical 
magnetic  clutch  fluids  which  become  solid  in  a magnetic  field  because  they 
are  composed  of  micron  size  particles  which  interact  when  aligned  by  the  field. 
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Even  though  the  superparamagnetic  particles  in  a ferrofluid  do  not  interact 
in  a magnetic  field,  there  is  a tendency  for  these  particles  to  migrate 
under  the  influence  of  a strong  field  gradient.  For  most  applications  in 
which  a ferrofluid  is  exposed  to  a gradient  field  for  short  periods  of  time 
(of  the  order  of  hours)  and  in  which  mixing  of  the  ferrofluid  may  occur 
as  a result  of  some  convective  mechanism,  there  are  no  noticeable  spatial 
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variations  in  ferrofluid  properties,  even  if  the  ferrofluid  is  used 


in  magnetic  fields  high  enough  to  provide  saturation  of  the  magnetization. 
This  is  because  the  rate  of  migration  of  the  particles  is  very  small. 


The  magnetic  equivalent  of  Stokes  Law  for  the  sedimentation  rate  of  a 
stabilized  magnetic  particle  in  a field  gradient,  "P  , is  expressed  by 
the  following  equation^: 

Vm  = *^m^ 

18  n ) 

^ “m 

where 


Vm  = settling  velocity  of  ferrofluid  particle 
dm  = diameter  of  magnetic  particle  core 


S = thickness  of  the  non-magnetic  layers  of  a solvated  particle 
(stabilizing  particle  film  and  the  non-magnetic  outer  shell 
of  the  particle) 

Mjj  = magnetic  moment  of  particle 
"P  = applied  gradient  field 
^o  = carrier  liquid  viscosity 


o 

For  example,  the  velocity  of  a 100  A magnetite  particle,  stabilized  by 
a solvated  layer  50  A thick,  is  about  3.6  x 10"^  cm/sec.  in  a kerosene  base 
ferrofluid  ( = 0.02  cp)  such  as  the  one  shown  in  Figure  3,2.1  in  a local 
magnetic  field  of  H = 5000  oe,  and  “P  = 1000  oe/cm. 


i 
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In  applications  where  the  fluid  is  exposed  to  a gradient  field  for  an 

extensive  period  of  time  ( ■>106  sec.,  for  example)  under  quiescent, 

isothermal  conditions,  the  effect  of  migration  of  the  colloidal  magnetic 

particles  has  to  be  taken  into  consideration.  This  effect  can  be  minimized 

to  any  desired  extent  by  decreasing  the  size  of  the  suspended  particles. 

With  small  enough  particles,  thermal  diffusion  becomes  an  effective  mixing 

mechanism.  For  example,  a local  magnetic  field  with  M = 5000  oe  and'^'  = 

1000  oe/cm  will  result  in  a concentration  gradient  at  equilibrium  of  less 

than  a 2%  change  in  particle  concentration  per  cm  for  magnetite  particles 

o 

that  have  an  effective  magnetic  diameter  of  30  A.  The  time  needed  to  approach 
equilibrium  will  also  be  very  long  because  of  the  extremely  slow  migration 
velocity  which  is  about  6 x 10"9  cm/sec.  for  the  case  considered  above. 
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3.2.2  Liquid  Oxygen 

Liquid  oxygen  is  a pale  blue  transparent  liquid  having  a density  of  1.14 
gm/cm  and  which  boils  at  183°C.  Because  of  its  unique  electron 
configuration  liquid  oxygen  exhibits  magnetic  properties.  Unlike  ferrofluids, 
however,  liquid  oxygen  is  a paramagnetic  and  does  not  saturate.  Its  magneti- 
zation Increases  in  proportion  to  field  strength  according  to  the  expression 


M » ^ H 

where  is  the  magnetic  susceptibility  of  the  liquid  oxygen  given  in  the 

-4 

International  Critical  Tables  (Vol.  VI  p 355)  as  2.79  x 10 

The  magnetization  curve  for  liquid  oxygen  is  plotted  in  Figure  3.2.2. 


Because  of  the  paramagnetic  property  of  liquid  oxygen,  the  expression  for  the 
apparent  density  of  the  magnetic  medium  must  be  modified.  Previously, 
the  apparent  density  was  defined  as 

Now,  however,  is  a function  of  H which  is  in  turn  a function  of  Y.  Thus 

ft.P.-* 

The  liquid  oxygen  acts  as  a density  gradient  column.  The  magnetic  contribution 


to  the  apparent  density 


■xtv»(4 


increases  linearly  from 


at  the  mirror  plate  to  a maximum  value  at  the  apex  of  the  magnet.  To  this  must 
be  added  the  term  representing  the  natural  density  of  the  liquid. 


A valuable  characteristic  of  liquid  oxygen  is  its  low  viscosity  of  about 
.2  centipoise  as  compared  to  a viscosity  of  from  2-5  centipoise  for  ferrofluids. 
This  low  viscosity  results  in  reasonably  short  transit  times  for  micron  sized 
particle.  As  an  example,  a 1 m sized  particle  in  liquid  oxygen  requires 

about  5 hours  to  move  a distance  of  an  inch  with  & ^ P of  0,5  gm/cm. 


i 
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Comparable  times  with  ferrofluids  would  be  10  to  25  times  longer. 
Another  important  feature  of  liquid  oxygen  is  that  it  eliminates  the 
necessity  of  cleaning  the  separated  fractions. 


Proper  safety  precautions  must  be  taken  with  liquid  and  gaseous  oxygen 
to  prevent  contact  with  oils  and  greases  which  may  explode  on  contact 
with  pure  oxygen.  In  addition,  the  ignition  temperatures  of  combustible 
materials  (such  as  wood,  fibers,  steel)  are  lowered  considerably  in  a pure 
oxygen  environment. 

The  low  boiling  point  of  liquid  oxygen  makes  it  necessary  to  insulate  the  holding 
vessel  extremely  well  to  decrease  to  a suitable  level  the  generation  of  bubbles 
within  the  container  which  might  disrupt  the  movement  of  fine  particles. 


Liquid  oxygen  is  a non  polar  liquid  and  has  no  natural  dispersive  power  for 
fine  particles.  Moreover,  no  known  surfactants  or  surface  treatments  are 
effective  at  the  low  temperature  of  liquid  oxygen.  Therefore, reliance 
must  be  placed  on  external  means  for  particle  dispersion,  such  as  stirring 

mechanically  and  with  ultrasonic  energy  or  by  thermal  action. 

3.3  Forces  on  Fine  Particles 

3.3.1  Mechanisms  of  Powder  Agglomeration/Conglomeration 
Ultrafine  powders  in  air,  with  a particle  size  less  than  10y4iin(10"3cm), 
exhibit  cohesive  characteristics  even  in  the  dry  state  not  found  with 
macroscopic  objects.  Microscopic  examination  of  these  powders  reveals  that 
they  consist  of  particles  of  characteristic  geometry  that  adhere  to  form  firm 
assemblies.  Two  types  of  assemblies  are  observed.  Groups  of  particles 
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can  be  fused  together  to  form  aggregates,  bonded  by  primary  valence 
(chemical)  bonds.  There  is  no  distinguishable  surface  between  the 
particles  forming  the  primary  aggregates.  These  aggregates  are  usually 
formed  during  the  deposition  of  the  ultimate  particles. 

These  aggregates  in  turn  are  found  to  adhere  by  physical  forces 
(Van  der  Waals  Forces)  to  form  agglomerates.  (The  term  conglomerate  is 
used  in  the  case  where  all  the  particles  in  the  agglomerate  do  not  have 
the  same  composition  and  origin).  This  agglomerate  formation  becomes 
increasingly  more  apparent  as  the  size  of  the  ultimate  particles  or 
aggregates  decreases,  /'gglomeration  of  fine  powders  becomes  especially 
significant  when  the  particles  are  smaller  than  1 micron  in  diameter. 

Agglomerates  differ  from  aggregates  in  that  there  is  a discontinuous 
surface  zone  between  the  constituting  particles  or  aggregates.  Actual 
contact  of  two  adjacent  particles  is  prevented  by  the  presence  of  layers 
of  adsorbed  molecules  on  the  particle  surfaces.  Such  layers  will  always 
be  present  under  atmospheric  conditions.  Either  physical  adsorption  or 
chemical  adsorption  may  occur.  These  adsorbed  films  can  greatly  alter  the 
magnitude  of  the  interaction  between  fine  particles  since  any  interaction 
between  two  solids  decays  rapidly  with  increasing  distance  of  separation 
of  their  surfaces. 

Fine  particle  agglomeration  is  considered  to  be  mainly  due  to  secondary  valence 
interaction  between  the  particles.  The  concept  of  an  attraction  between  two 
neutral  atoms  or  molecules  was  introduced  in  1873  by  Van  der  Waals  in  order  to 
explain  deviations  of  real  gases  from  the  perfect  gas  law.  In  1932,  in  order 
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to  take  into  account  the  coagulation  of  colloidal  dispersions,  Kallmann  and 
Willstatter  suggested  that  secondary  valence  forces  or  Van  der  Uaals  forces 
could  also  be  an  effective  and  universal  force  of  attraction  between  macroscopic 
solids.  At  the  present  time,  it  is  generally  considered  that  these  forces 
are  responsible  for  the  so-called  "spontaneous"  adhesions  of  finely  divided 
solids. 


General  explanations  for  the  nature  of  Van  der  Waals  forces  were  first  proposed 
by  Tondon  in  1930  and  more  recently  by  Llfschltz.  These  explanations  were 
both  based  on  quantum  theory  which  considers  that  all  atoms,  even  in  their  ground 
state,  possess  rapidly  fluctuating  dipole  moments  which  lead  to  an  attraction 
between  these  atoms.  The  force  between  two  solid  objects,  which  are  viewed  as 
assemblies  of  many  atoms,  is  obtained  from  the  summation  of  the  individual  inter- 
actions of  al  the  atoms  in  the  two  bodies  with  the  force  between  any  two  atoms 
being  considered  independent  of  the  presence  of  other  atoms.  According  to 
Lifschitz,  the  secondary  valence  force,  F,  between  two  spheres  of  diameter,  d, 
whose  surfaces  are  separated  by  a distance,  a,  can  be  expressed  as  follows: 


F = 


-Bd 


363- 


In  the  above  equation,  B is  a characteristic  material  constant,  whose  value  will 
depend  on  composition  of  the  particles  and  the  surrounding  phase.  According  to 
Dejohgh,  the  value  of  B is  approximately  10  ergs/cm  for  particles  of  polar 
materials  in  a vacuum.  It  is  to  be  noted  that  the  interaction  decreases  as  the 
third  power  of  separation. 


In  air,  agglomerate  formation  occurs  in  fine  particle  systems  because  the  thickness 
of  the  adsorbed  layers  is  small,  of  the  order  of  10  S.  Under  these  conditions, 
the  Van  der  Waals  interaction  between  two  particles  separated  by  this  distance, 
is  significantly  higher  than  the  potential  energy  of  disruptive  mechanisms  namely 
thermal  energy,  kT,  where  k is  Boltzmann's  constant  and  T is  the  absolute 
temperature,  or  inertial  effects  proportional  to  the  volume  of  the  particles 
which  are  proportional  to  the  volume  of  the  particles.  Thus,  although  the  attractive 
force  between  two  solids  increases  with  diameter,  the  effect  of  Van  der  Waals 
forces  becomes  insignificant;  with  macroscopic  objects  (e.g.  particles  greater  than 
10  /I  m - 20^m)  in  air  since  inertial  effects  increase  with  mass  and  are  thus 
proportional  to  the  third  power  diameter. 

Electromagnetic  interactions,  other  than  secondary  valence  forces,  that  can  be 
considered  are  forces  due  to  induced  electrostatic  charges  and  magnetic  dipole 
interaction.  Electrostatic  charges  can  be  induced  in  many  powders  and  can  result 
in  significant  transient  forces.  However,  because  of  either  bulk  or  surface 
co-'^uctivity  due  to  moisture,  the  electrostatic  potential  will  leak  away  and  hence 
will  have  no  lasting  effects.  An  exception  is  the  case  of  an  electret,  such  as 
aminoazobenzene , where  there  is  a charge  retention.  In  a similar  manner,  magentic 
dipole-dipole  interaction  is  important  only  in  materials  that  have  a significant 
magnetic  coercitivity , such  as  magnetic  iron  oxide.  Mechanical  interlocking  occurs 
in  systems  which  contain  very  irregularly  shaped  particles.  Liqui<3  particle  bridging 
due  to  surface  tension  forces  may  also  occur  as  a result  of  capillary  condensation 
of  a liquid  (water).  Solid  particle  bridging  is  a reflection  of  the  origin  of 
the  particles  and  is  representative  of  aggregation  rather  than  agglomeration. 
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As  in  the  gas  phase,  solid  particles  in  a liquid  phase  are  also  subject 
to  secondary  valence  forces  which  lead  to  agglomeration.  While  there  are 
no  obvious  techniques  of  dispersing  sub-micron  particles  in  the  gas  phase, 
it  is  standard  technology  to  disperse  particles  in  the  liquid  phase. 

It  is  possible  to  disperse  sub-micron  particles  in  liquid  systems  because 
it  is  possible  to  generate  repulsion  forces  which  prevent  close  approach 
of  two  particles. 

Two  repulsive  mechanisms  exist  which  result  in  stabilization  of  a liquid  phase 
colloid,  namely,  double  layer  electrostatic  repulsion  or  entropic  repulsion 
of  interacting  molecules  adsorbed  on  the  particle  surfaces.  The  first 
mechanism  results  from  the  adsorption  of  charged  species  on  and  around  the 
particle  surfaces  to  form  the  well-known  electrostatic  double-layer. 
Stabilization  occurs  because  of  the  electrostatic  repulsion  of  two  charged 
particles.  The  stability  of  hydrosols  (aqueous  colloidal  dispersions)  is 
usually  due  to  electrostatic  stabilization. 

The  second  mechanism  of  entropic  repulsion  results  from  the  adsorption  on  the 
particle  surface  of  large  molecules  that  solvate  with  the  liquid.  This  results 
in  the  formation  of  thick  film  of  essentially  bound  liquid,  so  thick  that  when 
two  particles  collide,  the  particle  surface  to  particle  surface  interaction 
becomes  negligible,  at  the  distance  of  separation  equal  to  twice  the  solvated 
film  thickness,  in  comparison  to  the  thermal  energy  of  these  particles.  The 
mechanism  of  entropic  repulsion  predominates  in  colloid  suspensions  in  non-polar 
media  which  are  poor  electrical  conductors.  In  these  liquids,  it  is  possible 
to  stably  suspend  solid  particles  by  adding  polar  molecules  that  can  both 


adsorb  at  the  particle  surfaces  and  be  solvated  by  the  carrier  liquid.  Carbon 


black  is  a typical  example  of  a finely  divided  solid  material  with  a characteristic 
particle  size  of  less  than  1 tAlh.  The  particles  will  not  disperse  in  the  gas 
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phase  but  can  be  made  to  form  stable  suspensions  in  an  immiscible  liquid 

phase.  Similar  statements  can  be  made  for  many  other  materials  of  widely 

diverse  chemical  structure  and  origin  (titanium  dioxide,  zinc  oxide,  bentonite, 

organic  dyes,  etc.). 

3.3.3  Particle  Interaction  Forces 

In  actual  separation  practice,  the  magnetic  liquid  may  contain  many  non-magnetic 
objects  which  are  being  separated  from  each  other.  The  presence  of  these 
objects  introduces  perturbations  in  the  externally  applied  magnetic  field  and  its 
gradient . 


These  perturbations  result  in  particle-to-particle  interaction  forces.  In 
particular,  it  is  predicted  that  there  is  an  attractive  force  between  two 
spherical  particles  immersed  in  a ferrofluid  when  the  line  of  centers  of 
the  particles  is  parallel  to  the  direction  of  the  applied  magnetic  field. 
The  interaction  force  is  given  by  the  following  equation; 


where 


Fss 


(4T/m)2  ^ 

96  a4 


a = center  to  center  spacing  between  particles 
D = diameter  of  the  particles 

M = magnetic  dipole  moment  per  unit  volume  of  ferrfluid 


When  the  spheres  consist  of  the  two  types  that  are  to  be  separated  by  magnetic 
levitation,  then  half  the  difference  in  the  net  levitation  force  between  the 
spheres  must  be  greater  than  the  above  attraction  force  if  separation  is  to 
take  place.  Half  the  difference  in  levitation  force,  Fj,  between  two  spheres 
of  identical  volume,  V,  but  different  densities  situated  in  a ferrofluid  pool 


is  given  by 


= (z) 
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where 


I 2 = density  of  the  more  dense  sphere 
= density  of  the  less  dense  sphere 
g = acceleration  of  gravity 


The  dimensionless  ratio  Fgs/F]^,  given  by  the  following  equation,  should  be 
an  index  of  whether  or  not  particle  separation  according  to  density  will 
occur.  _ — ^ f— 

F„  J-  ITSII  Ci) 

K " J 


This  ratio  should  be  as  small  as  practical  for  good  separation  to  occur. 
Consider  the  worst  case,  where  the  spheres  touch  and  therefore  a = D, 


F-'a'tr 


This  relation  shows  that  for  a fixed  value  of  the  ratio  Fgs/Fi  the 
magnetization  of  the  ferrofluid  must  be  reduced  as  the  size  of  the  spheres 
is  reduced.  A direct  result  of  this  requirement  is  that  the  magnetic  field 
gradient  must  be  increased  to  compensate  for  the  reduction  of  ferrofluid 
magnetization  in  order  to  attain  a given  apparent  ferrofluid  density  sufficient 
to  float  the  less  dense  objects. 


The  force  ratio  Fgs/F]^  can  also  be  calculated  using  the  average  interparticle 
distance  as  the  measure  of  particle  separation.  The  average  interparticle 
distance  (a)  can  be  expressed  in  terms  of  the  volume  concentration  of  powder 


particles  ( 


<?v) 
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assuming  a cubic  particle  array.  Thus,  Equation  3 becomes,  when  a is 
equated  to  d; 


Equation  5 indicates  that  in  actual  practice  particle  concentration  could  have 
a significant  effect  on  the  quality  of  separation.  This  is  a less  severe 
criterion  than  Equation 
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3.4  Application  of  Ferrofluld  Sink-Float  Separation  Developed  by  Avco 


3.4.1  Constant  Density  Separation 

Avco  has  reduced  the  ferrofluld  sink-float  separation  concept  to  practice. 

The  resulting  system  comprises  one  or  more  separation  modules,  and  means 
for  removing  and  recovering  ferrofluld  adhering  to  the  separated  particles. 

An  Avco  separation  module  consists  of  an  electromagnet  with  a regulated  power 
supply  designed  to  generate  a region  of  constant,  specified  apparent  density 
within  a pool  of  ferrofluld  held  between  the  magnet  poles.  After  a sizing  operation 
to  remove  oversized  ( 2 Inch)  and  undersized  ( 1/8  Inch)  particles  the  solid 

mixture  to  be  separated  Is  Introduced  Into  the  pool.  Objects  less  dense  than  the 
apparent  density  of  the  ferrofluld  float  to  the  top,  while  those  more  dense  sink 
to  the  bottom  of  the  ferrofluld  pool,  resulting  In  a physical  separation.  The 
separation  can  be  carried  out  on  a batch  or  continuous  basis.  Mixtures  of  three 
or  more  components  can  be  separated  by  making  two  or  more  passes  through  the 
separator  during  which  the  apparent  density  of  the  ferrofluld  is  adjusted  to 
produce  one  pure  component  per  pass.  Such  mixtures  could  also  be  separated  by 
a sequence  of  separators  operating  at  appropriate  apparent  density  levels,  with 
partly  separated  mixtures  being  conveyed  from  one  separator  to  the  next  until 
all  separations  are  achieved.  By  such  means  it  is  possible  to  accurately  separate 
materials  differing  in  density  by  as  little  as  10%,  the  separation  being  essentially 
independent  of  the  size  or  shape  of  the  objects. 

The  final  processing  step  is  removal  of  the  ferrofluld  covering  the  separated 
objects.  This  ferrofluld  Is  easily  removed  by  washing  the  product  streams 
with  a volatile  solvent  miscible  with  the  ferrofluld  being  used. 
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Residual  traces  of  solvent  are  easily  removed  from  the  separated  objects 
by  evaporation.  Solvent  in  the  wash  solution  can  similarly  be  separated 
from  the  non-volatile  ferrofluld  by  evaporation  thus  allowing  both  to 
be  recycled. 

3.4.2  Separator  Magnet  Design 

An  Iron  yoke  electromagnet  with  a modified  rectangular  hyperboloid  pole 
configuration  has  been  found  to  be  a practical  design  for  the  field  source 
of  the  separation  modules  built  to  date. 

This  design  configuration  results  in  a constant  gradient  in  the  direction 
of  gravity.  The  magnet  is  operated  so  as  to  provide  a minimum  magnetic 
field  level  sufficient  to  result  in  a significant  approach  to  saturation 
of  the  ferrofluld  placed  in  the  working  volume.  The  magnetization  of  the 
ferrofluld  will  thus  not  change  significantly  over  the  height  of  the  working 
volume.  As  a result,  the  apparent  density  of  the  ferrofluld  in  the  working 
volume  is  essentially  constant.  The  apparent  density  of  the  ferrofluld  is 
changed  by  Increasing  the  gradient  field.  This  is  accomplished  by  Increasing 
the  current  to  the  electromagnet. 

With  this  design  there  is  easy  horizontal  access  to  the  pool  of  ferrofluld. 
Since  magnetic  forces  also  retain  the  ferrofluld  in  the  gap  of  the  magnet, 
conveyors  or  other  means  of  introducing  the  feed  or  removing  the  separated 
products,  can  be  Introduced  directly  into  the  ferrofluld  pool  without  fluid 
leakage  or  sealing  problems. 

Avco  has  built  a number  of  separators  of  different  scale  based  on  the  magnet 
configuration  described  above.  In  addition  to  experimental  separators  built 
for  in-house  use,  Avco  has  also  built  a laboratory  separator  for  Battelle 
Northwest  Laboratories,  Richland,  Washington,  and  an  industrial  scale 
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separator  for  NASA  Technology  Utilization  Office,  Langley  Research  Center, 

Hampton,  Virginia,  under  Contract  NAS  1-11793.  A wide  variation  of  granulated 
mixtures  of  solids,  ranging  in  size  from  about  0.2  cm  to  5 cm,  and 

differing  in  density  by  as  little  as  10%  have  been  successfully  separated  in  | 

these  devices . | 

i i 

j 

3.^.3  Battelle  Laboratory  Separator 

A laboratory  separator  was  delivered  to  Battelle  N.W.  The  separator  consists 
of  an  electromagnet  with  4-inch  poles,  a small  separation  vessel  that  can  be 
positioned  between  the  poles  of  the  magnet  and  a supply  of  four  ferrofluids 
of  different  magnetization.  The  four  ferrofluids  supplied,  when  used  with  this 
magnet,  can  achieve  apparent  densities  of  between  2.5  gr/cm^  and  22  gr/cm^. 

In  the  working  volume  of  the  separator  (approximately  a 2 -inch  cube)  of  about 

j <5 

130  gm^,  there  is  less  than  107.  difference  in  apparent  density  when  the  magnet 

1 

is  operated  at  minimum  current  of  80  amps.  Under  these  conditions  the  magnetic 
field  in  the  working  volume  always  exceeds  2500  oe.  The  coils  can  be  operated 
at  currents  of  up  to  about  350  amperes  when  cooling  water  flow  is  2 gpm.  At 
this  current,  this  magnet  can  generate  a vertical  magnetic  field  gradient  that 

approaches  1000  oe/cm.  | 

3.4.4  Nonferrous  Scrap  Separator  j 

A much  larger  separator  was  built  for  NASA  Technology  Utilization  Office  to 
demonstrate  the  applicability  of  aerospace  technology  to  solid  wastes 
management.  This  separator  was  designed  to  separate  regranulated  nonferrous 
automobile  scrap  into  its  major  components  according  to  their  densities  at  a 
j rate  of  1 ton/hour  on  a continuous  basis. 


This  scrap  separator  consists  of: 

a.  An  electromagnet  designed  to  generate  a region  of  constant  apparent 
density  within  a pool  of  ferrofluid  held  within  the  magnet  poles. 

A kerosene  base  ferrofluid  with  500  gauss  saturation  magnetization, 
such  as  the  one  described  in  Figure  3.2.1,  will  have  an  apparent 
density  of  nearly  12  gr/cm^  when  the  magnet  is  operated  at  a maximum 
power  input  63  KW  which  generates  a field  gradient  of  250  oe/cm. 

This  density  level  is  sufficient  to  float  all  common  industrial  metals 
of  interest. 

b.  Conveyors  for  introducing  into  the  ferrofluid  the  scrap  to  be  separated 
and  removing  the  separated  products.  Objects  less  dense  than  the  apparent 
density  of  the  ferrofluid  float  to  the  top  of  the  ferrofluid  pool 

where  they  are  removed  by  an  ujper  conveyor  while  those  more  dense  sink 
and  are  removed  by  a lower  conveyor.  The  separation  process  is  thus 
continuous.  Since  magnetic  forces  also  retain  the  ferrofluid  in  the 
gap  of  the  magnet,  conveyors  can  be  introduced  directly  into  the  pool 
without  fluid  leakage  or  sealing  problems.  The  conveyors  of  the 
materials  handling  system  have  been  found  capable  of  moving  typical 
automobile  scrap  at  rates  of  over  5000  lb /hr. 


The  behavior  of  non-magnetic  objects  within  the  separator  has  been  found 
to  be  essentially  a function  of  density  and  independent  of  the 
size  or  shape  of  the  objects.  The  effect  of  object  size  was 
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studied  on  cubes  ranging  in  size  from  5 cm  to  0.6  cm  on  a side. 


The  separation  of  well  characterized  scrap  mixtures  has  been  evaluated 
in  the  separator  in  order  to  obtain  information  on  the  effects  of  operating 
parameters  on  the  purity  of  the  recovered  fractions.  Typical  of  the 
results  obtained  are  those  presented  in  Table  III  . The  first  three  tests 
show  the  effect  of  varying  the  apparent  density  of  the  ferrofluid  pool. 

Test  2 shows  that  when  the  apparent  density  is  close  to  that  of  brass  (8.4 
vs.  8.5)  some  of  the  brass  starts  to  contaminate  the  zinc.  Similarly,  Test  1 
shows  that  as  the  apparent  density  of  the  ferrofluid  pool  is  lowered,  a 
small  amount  of  zinc  appears  with  the  brass  fraction.  Test  3 carried  out 
at  the  intermediate  density  level  of  7.9,  resulted  in  complete  separation. 

Test  4 shows  that  an  increase  in  feed  rate  to  5,100  lb /hr.  resulted  in  only 
a slight  decrease  in  product  purity. 

These  test  results  demonstrate  conclusively  that  very  high  separation  rates 
are  achievable  by  ferrofluid  sink-float  separation.  With  optimal  adjustment 
of  operating  parameters,  the  separation  is  virtually  error  free. 

Avco  has  also  performed  a number  of  separation  runs  of  mixtures  of  aluminum, 
zinc  and  copper  derived  from  automobile  shredding.  The  object  is  to  separate 
the  mixtures  of  these  metals  into  their  separate  categories,  each  of  which  may 
then  be  sold  to  the  appropriate  secondary  metal  smelting  industry.  The  results 
of  these  separation  runs  have  been  excellent.  Samples  of  the  separated 
fractions  of  the  two  metals  occurring  in  the  greatest  proportion  in  automobile 
shredder  scrap  - aluminum  and  zinc  - have  been  sent  to  the  respective  smelters 
for  analysis,  and  each  fraction  has  been  reported  to  be  well  within  specification 
limits  and  of  a purity  which  can  command  a premium  price  on  the  secondary  metals 
market 
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TABLE  III 


SEPARATION  OF  ZINC  ALLOY  AND  BRASS  SCRAP 

Feed  Characteristics 

Size  of  Scrap  - 2 inches  to  1/4  inch 
Composition  - 50%  Zinc  Alloy,  50%  Brass 
Densities  - Zinc  Alloy  6,6  gr/cm 


Test 

No. 

Feed  Rate 
Separator 

to 

Ib/hr . 

Average  Apparent  Density 
of  Ferrofluid.  gr/cm^ 

Purity  of 
Zinc  Fraction 

Purity  of 
Brass  Fraction 

1 

2,600 

7.4 

100.0% 

99.5% 

2 

3,100 

8.4 

98.7% 

100.0% 

3 

3,700 

7.9 

100.0% 

100.0% 

4 

5,100 

7.9 

99 . 6% 

100.0% 

4.0 


Experimental  Efforts  and  Results 
4.1  Ferroflulds 

The  initial  efforts  in  this  program  consisted  of  acquiring  suitable  candidate 
fine  powders,  the  preparation  and  characterization  of  ferroflulds  and  the 
development  of  techniques  for  analysis  of  the  results  of  experimentation. 

A necessary  requirement  for  the  evaluation  of  a sink/float  separation  system 
is  the  ability  to  determine  the  identity  of  the  contents  of  the  various  fraction. 
With  large  sized  particles,  say  100  m,  it  is  possible  to  select  candidate 
powders  with  distinctive  colors  which  may  be  detected  under  a low  power 
microscope.  Particles  smaller  than  this  however,  tend  to  lose  their  color 
clues  and  other  means  of  identification  must  be  found.  The  use  of  powders 
of  different  densities  and  different  Indices  of  refraction  similar  to  that 
of  one  of  the  candidate  powders  was  supposed  to  cause  those  particles  to 
extinguish  optically  while  not  effecting  the  visibility  of  the  other  material. 

A Millipore  'JT  MC  Particle  Measurement  Computer  System  was  used  in  conjunction 
with  a Leltz  microscope  to  provide  a rapid  means  of  measuring  and  counting  the 
particles  of  a separation  sample.  The  use  of  the  index  of  refraction  liquid 
with  the  particles  often  left  ghost  images  which  the  IT  MC  Counter  treated 
very  erratically  and  unpredictably  making  the  data  unuseable. 

The'ff^MC  Counter  was  very  useful,  however,  in  determining  the  size  distribution 
of  particles  of  a single  species  for  analysis. 

The  most  effective  means  of  identifying  the  results  of  a separation  test  was 
the  use  of  a globular  bead  as  one  of  the  participants  in  a separation  study. 

These  so  called  microbeads  are  available  in  a wide  range  of  closely  graded 

3 

sizes  with  densities  of  2.42,  2.99  and  3.99  gm/cm  . 
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other  powders  which  were  used  with  the  glass  microbeads  and  which  were 
easily  distinguished  by  their  granular  shape  included  silica,  Si02>  = 

2.65  gm/cm^  silicon  carbide,  SiC,  ^ = 3.18  gm/cm^,  diamond  dust,  ^ = 

3.5  gm/cm  and  aluminum  oxide,  AI2O2,  ^ = 3.98  gm/cm^. 

Because  MC  particles  counter  could  not  distinguish  these  shapes  it 

was  necessary  to  estimate  the  efficiency  and  quality  of  a separation  by 
visual  identification  of  the  components. 


Using  ferrofluids  of  low  magnetization  to  minimize  the  particle  interaction 
effects  and  limited  by  maximum  available  magnetic  gradient  of  about  1000  oe/cm, 
the  maximum  apparent  density,  , attainable  was  about  4 gm/cm^.  Initially 

a fluorocarbon-based  ferrofluid  was  used  but  later  a more  easily  prepared 
kerosene  based  ferrofluid  was  used  after  determining  that  there  was  no 
difference  in  separation  efficiency. 


A plastic  ball  valve  was  used  for  the  first  separation  chamber.  One  opening 
of  the  valve  was  plugged  making  a chamber  1/2"  diameter  and  about  2"  long 
which  could  be  divided  into  three  separate  chambers  by  closing  the  valve 
after  the  separation.  Calibration  of  the  magnetic  fluid  apparent  density 
as  a function  of  magnet  current  was  accomplished  originally  by  observing 
the  point  at  which  item  of  known  density  floated  and  sank  in  the  fluid. 

Later  the  calibration  consisted  of  measuring  the  hydraulic  head  created 
by  the  magnetic  pressure  in  the  ferrofluid.  In  practice,  the  ball  valve 
was  about  half  filled  with  ferrofluid,  then  placed  in  the  magnetic  field. 

The  powders  to  be  separated  were  then  dispersed  In  a small  quantity  of  the 
same  ferrofluid  and  added  to  the  ball  valve.  Finally  the  ball  valve  was 
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filled  with  ferrofluid.  Typical  particle  volumetric  concentration  ratios, , 
were  about  .001  based  on  the  total  volvnne  of  the  chamber.  After  a suitable 
time  based  on  particle  size,  fluid  viscosity  and  density  difference,  the 
ball  valve  was  closed  preventing  mixing  of  the  separated  fractions.  At  first 
only  the  upper  and  lower  fractions  were  recovered  but  later  it  was  discovered 
that  ther  was  often  a significant  quantity  of  material  in  the  middle  fraction 
and  thereafter  the  middle  fraction  was  examined  also. 

Recovery  of  the  fractions  involved  first  pouring  the  ferrofluid  and  then  rinsing 
with  a suitable  solvent  through  a millipore  filter  with  a pore  diameter  of 
0.8 ylAbi.  For  microscopic  analysis  of  the  results  the  filter  was  cleared. 

In  some  cases  the  fractions  were  subject  to  gravimetric  analysis  requiring 
that  the  weight  of  each  filter  disc  be  determined  beforehand. 

The  separation  experiments  were  generally  operated  at  an  apparent  density 
midway  between  the  densities  of  the  two  components  to  be  separated  using 
50-50  mixtures  by  volimie  of  the  particles.  The  particles  ranged  in  size 
from  2-40^/»>  . In  most  cases  only  a small  percentage  of  the  total  input 
material  was  found  in  the  float  fraction  with  most  of  the  material  recovered 
in  the  sink  fraction.  Neither  fraction  was  perceptibly  enriched.  All  aspects 
of  the  separation  system  were  checked  with  nothing  found  to  be  wrong. 

Next,  a series  of  experiments  was  performed  to  determine  the  flotation 
characteristics  of  individual  powders  as  a function  of  particle  size. 

It  was  found  that  fine  particles  required  a eonslderably  higher  apparent 
density  to  float  than  do  larger  particles  of  the  same  matetial  and  that  there 
is  a definite  transition  point  from  sinking  to  floating.  For  example  glass 
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microbeads  having  a density  of  2.99  gm/cm  and  particle  size  distributions 

as  shown  in  Figure  4.1,1,  required  an  apparent  density  of  approximately  3.1 
3 

gm/cm  to  float  particles  with  an  average  size  of  45  m;  38  _^m  and  28  ^m 
particles  of  the  same  material  required  apparent  densities  of  3.5  gm/cm  and 
3.9  gm/cm  respectively  to  float.  These  data  are  shown  in  Figure  4.1.2  and 
4.1.3  for  two  values  of  particle  concentration. 

Several  theoretical  models  were  proposed  to  explain  this  relationship  between 
particle  size  and  the  apparent  density  required  to  float  the  particle.  It  was 
first  proposed  that  for  very  small  particles  the  ferrofluid  had  ceased  to 
behave  as  a fluid  continuum  with  the  result  that  small  particles  may  fall  through 
the  spaces  between  the  ferrit  particles.  A calculation  for  the  average 
magnetic  particle  spacing  for  the  ferroflulds  used  gave  a value  of  about  .1  m 
assuming  a uniform  cubic  array  of  the  particles.  To  test  the  possibility  of 
conglomerations  of  magnetic  particles,  the  viscosity,  magnetization,  and  optical 
density  (as  a measure  of  iron  content)  were  measured  before  and  after  passing 
the  ferrofluid  through  0.8  m and  0.22  m filer  discs  with  and  without  the 
influence  of  a strong  magnetic  field.  No  significant  changes  in  these  properties 
were  discovered.  Based  on  the  above  evidence  it  was  tentatively  concluded  that 
magnetic  particle  spacing  was  not  a factor  contributing  to  the  aberrant  behavior 
of  fine  particles. 

As  an  alternative  it  was  postulated  that  by  some  unknown  mechanism  the  fine 
magnetic  particles  were  coupling  to  the  non-magnetic  materials,  thereby  conferring 
magnetic  properties  on  the  non-magnetic  particles  increasing  the  apparent  or 
effective  density  of  the  particle  by  generating  a magnetic  force  of  attraction 
to  the  area  of  strongest  field.  If  it  may  be  further  assumed  that  the  layer 
of  adsorbed  magnetic  particles  is  of  somewhat  constant  thickness  then  the 
relationship  between  particle  size  and  Increased  apparent  density  of  the  magnet 
medium  required  to  float  a particle  may  be  readily  explained.  The  volume  of 
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a small  layer  of  constant  thickness  grows  relatively  smaller  compared  to 
particle  volume  as  particle  size  increases.  In  this  fashion  large  particles 
would  be  relatively  unaffected  by  the  magnetic  forces  and  small  particles 
would  be  greatly  effected. 

From  this  information  one  might  expect  the  ferrofluid  pool  to  operate  as  a 
sort  of  magnetic  sieve  separating  small  particles  from  large  particles. 

That  such  was  not  the  case  was  indicated  by  examination  of  the  float  and  sink 
fraction  when  operating  at  an  apparent  density  where  transition  from  particle 
sinking  to  flotation  occurred  where  it  was  determined  that  the  particle  size 
distribution  of  the  sink  and  float  fractions  were  identical.  In  fact,  operating 
with  a powder  having  a bimodal  size  distribution  peaking  at  30^ Hi  and 
the  size  distributions  of  the  float  and  sink  fractions  were  identical.  Also,, 
because  it  was  noticed  that  there  was  never  complete  recovery  of  the  input  material  in 
the  float  fraction  the  middle  fraction  of  the  ball  valve  was  examined  where  it  was 
found  that  the  middle  fraction  often  contained  a significant  quantity  of  the  input 
material. 

To  explain  this  behavior  it  is  assumed  that  large  particles,  which  would  be 
expected  to  float  could  be  overwhelmed  by  a large  number  of  attached  smaller 
particles  having  an  effective  density  heavier  than  large  particle.  To  account 
for  the  presence  of  fine  particles  in  the  float  fraction  we  may  assume  that 
fine  particles  could  attach  to  large  particles  in  smaller  numbers  such  that 
the  composite  density  is  greater  than  the  apparent  density  of  the  medium. 

Similarly  agglomerates  of  intermediate  densities  may  be  created  which  would 
hover  within  the  magnetic  volume. 
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As  discussed  later  in  Section  4.2,  similar  flotation  experiments  were  conducted 
with  liquid  oxygen  with  no  evidence  of  the  particle  size  apparent  density 
behavior  was  with  ferrofluids.  Because  liquid  oxygen  is  an  elemental  liquid 
in  contrast  with  ferrofluids  which  are  colloidal  suspensions  of  tiny  particles, 
this  result  lends  credibility  to  the  assumption  of  magnetic  particle  - non- 
magnetic particle  interaction. 


It  was  thought,  based  on  previous  theoretical  calculations,  that  the 
interaction  force  between  small  particles  would  set  a lower  limit  on  the 
size  of  the  particles  that  could  be  separated  by  ferrofluid  levitation. 

This  low  limit  on  particle  size  was  considered  to  be  something  less  than 
Now,  it  seemed  reasonable  to  assume  that  the  particle  interaction  force  was 
operable  on  particles  of  much  larger  size  such  that  particles  of  a range  of 
sizes  could  conglomerate  and  react  as  a single  particle  of  varying  density 
depending  upon  the  amount  of  adsorbed  magnetic  particles. 

To  illustrate  the  influence  of  particle  interaction  on  flotation  characteristics 
consider  the  following  experiments  which  were  originally  thought  to  be  successful 
separations  of  binary  mixtures  of  fine  powders.  The  separations  involved 
equal  parts  by  volume  mixture  of  silicon  carbide  particles  (^  = 3.18  gm/cm^ 

9-44  wm)  and  silicone  dioxide  (/^=  2.65  gm/cm3  A.P.S.  3y0(l^.  The  technique 
used  in  the  apparently  successful  experiments  was  to  introduce  carefully 
weighed  amounts  of  each  material  separately  into  the  half -filled  ball  value 
which  was  used  as  the  separatory  vessel.  The  ball  value  was  then  filled  and 
the  magnet  energized  to  a predetermined  current  to  obtain  the  desired  apparent 
density.  In  all  cases  the  silicon  dioxide  was  introduced  first.  The  results  were 
excellent  separations  of  the  components.  Later  repeats,  differing  only  in  the 
manner  of  introducing  the  powders  failed  to  yield  enrichment  of  any  fraction. 

In  these  experiments  the  powders  were  premixed  mechanically  or  agitated  within 
the  separation  vessel  before  separation.  The  conclusion  drawn  here  is  that  in 
the  case  of  the  supposedly  successful  separations  the  particles  had  the 
opportunity  to  selectively  conglomerate  with  other  particles  of  like  material  and 
then  respond  properly  as  a sink  or  float.  It  is  of  interest  to  note  that  the 
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silicone  dioxide  particles  which  were  introduced  first  and  which  ultimately 
reported  in  the  float  fraction  had  conglomerated  and  then  risen  through 
the  silicon  carbide  sink  fraction  without  becoming  seriously  contaminated. 

Later  experiments,  conducted  in  the  transparent  liquid  oxygen  confirmed  the 
particle  Interaction  effect  (which  should  be  independent  of  the  magnetic  medium). 

Fine  powders  which  would  be  predicted  by  Stokes  Law  to  require  several  hours  to 
traverse  the  depth  of  the  separation  chamber  under  the  prevailing  conditions  of 
apparent  density^particle  size  and  viscosity  were  detected  in  a matter  of 
minutes  at  the  bottom  of  the  chamber. 

Recognizing  the  importance  of  particle  interaction  in  obtaining  successful 
separations  of  particle  mixtures  having  different  densities  a new  separation 
apparatus  was  designed  and  built.  This  apparatus  permits  separation  experiments 
to  be  conducted  at  particle  concentrations  three  or  four  orders  of  magnitude  lower 
than  previously  giving  average  particle  spacings  10  to  20  times  larger  than  in 
the  original  experiments  greatly  decreasing  the  possibility  of  particle  collisions 
and  interaction.  Of  course,  there  still  exists  the  statistical  possibility  of 
some  interaction  of  unlike  materials  with  a resulting  misclassification  of  the 
resulting  conglomerate  of  composite  density.  This  misclassification  can  be 
minimized  in  one  fraction  by  biasing  the  apparent  density  of  the  magnetic 
medium  to  favor  the  other  fraction.  This  apparatus  differs  from  the  previous 
separation  chamber  in  that  Involves  a continuous  process  as  opposed  to  a 
batch  process.  Even  if  it  were  successful  in  enriching  only  one  fraction,  successive 
iterations  of  the  process  would  enrich  the  other  fraction. 
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The  apparatus  is  illustrated  schematically  in  Fig.  4.1.4  and  consists 
basically  of  an  open-ended  trough  of  non  magnetic  material  placed  between 
the  pole  faces  of  the  laboratory  magnet.  After  the  magnet  was  energized, 
a quantity  of  ferrofluid  was  poured  into  the  trough  where  it  assumed  the  shape 
shown  in  the  Figure.  The  body  of  a hypodermic  syringe  was  positioned  as 
shown  with  the  tip  of  its  needle  located  at  the  approximate  center  of  the 
working  volume  of  the  magnet.  A very  dilute  suspension  of  the  particles  to 
be  separated  was  placed  in  the  syringe  where  it  was  held  by  the  magnetic 
forces.  These  forces  generated  a magnetic  pressure  and  slowly  forced  the 
ferrofluid  and  suspended  particles  into  the  center  of  the  separatory  vessel. 

At  low  enough  concentrations  each  particle  should  enter  the  decision  zone  of 
the  separatory  chamber  as  individual  particles  and  react  as  either  a float 
or  sink  and  leave  to  report  to  the  proper  fraction.  If  conglomeration 
should  occur  after  leaving  the  decision  point  it  would  be  among  like  particles 
and  should  not  effect  the  quality  of  the  separation.  Float  particles  would 
rise  to  t <;  top  of  the  ferrofluid  pool  and  then  move  forward  and  rearward 
on  the  surface  of  the  ferrofluid  under  the  influence  of  the  magnetic  gradients 
in  the  Z direction.  The  float  particles  were  retained  in  aluminum  foil 
catch  pans  positioned  near  the  top  edges  of  the  ferrofluid  pool  as  shown. 

In  an  actual  separation,  about  10  mg  each  of  silicon  carbide  powder  (P=  3.18  gm/cm 
33-^^)  and  glass  microbeads  ( P = 3.99  gm/cm^,  44-l^rn)  were  placed  in 
approximately  one  liter  of  ferrofluid  and  maintained  in  suspension  by 
continuously  stirring.  Aboit  20  cc  of  this  mixture  was  introduced  at 
intervals  of  about  4 minutes  to  maintain  a constant  flow  of  material  into 
the  chamber.  As  the  fluid  level  rose  in  the  trough  the  excess  fluid  was 
removed  from  regions  of  high  fluid  density  near  the  magnet  shims  where  few 
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particles  should  penetrate.  For  this  experiment  the  apparent  density  of  the 
magnetic  medium  was  adjusted  to  be  about  3.6  gm/cm  or  roughly  midway  between 
the  densities  of  the  particles  to  be  separated. 

The  calculated  volumetric  particle  concentration  for  these  experiments  was 
about  5 X 10"6.  The  actual  effective  concentration  was  somewhat  less,  however, 
due  to  the  settling  out  of  some  of  the  larger  particles  in  the  fixed  syringe. 

This  settling  of  coarse  particles  could  be  eliminated  by  providing  internal  ridges 
on  the  syringe  and  cause  it  to  rotate  almost  until  the  moment  of  injection. 

The  results  of  the  experiments  were  quite  encouraging  and  are  shown  in  Figs. 

4.1.5  and  4.1.6.  The  float  fraction  consisted  of  an  estimated  10-15%  of  the 
material  originally  placed  in  suspension.  This  fraction  was  about  997.  pure 
silicon  carbide.  The  remaining  material  recovered  in  the  sink  fraction  was 
not  perceptibly  enriched  but  it  is  thought  that  repeatedly  reprocessing  the 
sink  fraction  would  yield  an  increasingly  pure  sink  fraction.  The  presence 
of  the  light  material  in  the  sink  fraction  is  attributed  to  the  previously 
described  apparent  density  - particle  size  phenomenon. 

The  design  of  this  apparatus  is  particularly  conducive  to  automatic  unattended 
processing  of  the  particles  to  be  separated.  Operation  at  even  lower  particle 
concentrations  is  possible  by  operating  for  long  periods  of  time  to  accumulate 
sufficient  quantities  of  the  designed  materials  or  by  operating  several  parallel 
separations,  even  in  the  same  magnet  gap. 

At  this  point  in  the  program  experiments  with  ferrofluids  were  suspended  to 
evaluate  liquid  oxygen  as  the  separation  medium. 
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4.2  Liquid  Oxygen 

The  Initial  experiments  with  liquid  oxygen  were  conducted  in  a closed-ended, 
insulated  trough  which  proved  satisfactory  for  operation  with  large  objects. 


However,  when  working  with  fine  powders  it  became  necessary  to  greatly  reduce 


the  thermal  transfer  through  the  insulation  to  eliminate  or  minimize  the  bubble 


generation  and  convective  currents.  To  circumvent  the  necessity  of  constructing 
an  evacuated  Dewar-type  vessel  shaped  to  fit  the  magnet  pole  faces,  a separation 
chamber  design  using  a sacrificial  barrier  of  liquid  oxygen  was  constructed. 

This  device  also  employed  inner  baffles  which  served  the  fual  purpose  of  diverting 
bubbles  and  currents  from  the  working  volume  and  as  a removable  depository  for 
the  sink  and  float  fractions.  The  apparatus  is  shown  in  Figure  4.2.1. 


Calibration  of  the  chamber  was  accomplished  by  observing  the  behavior  of  small, 
1/8",  objects  of  known  density  within  the  liquid  oxygen.  Unlike  an  opaque 
ferrofluid  which  permitted  observation  of  the  calibration  devices  only  on  the 
surface  of  the  ferrofluid,  the  transparent  liquid  oxygen  allowed  the  calibration 
object  to  be  viewed  within  the  volume  of  the  separation  chamber,  hovering  at 
various  levels  as  the  magnet  current  and  apparent  density  of  the  fluid  was  varied. 


The  calibration  verified  that  liquid  oxygen  is  a paramagnetic  liquid,  its 
magnetization  increasing  linearly  with  magnetic  field  strength.  Experimental  data 
for  the  determination  of  the  magnetization  curve  for  liquid  oxygen  is  shown  on  Fig. 
4.2.2.  The  slope  of  this  curve,  dM/dn  is  the  magnetic  susceptibility  of 

the  liquid.  The  experimental  data  are  seen  to  agree  well  with  the  published  value 
of  susceptibility,  which  is  also  plotted  in  this  figure.  Combining  the  data  above 
with  the  measured  field  intensity  vs.  magnet  current  characteristics  of  Fig.  4.2.3  one 
can  generate  a calibration  graph  of  apparent  density  of  the  liquid  oxygen  as  a 
function  of  magnet  current  for  several  levels  corresponding  to  the  top  and  bottom 
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EXPERIMENTAL  DATA 


of  the  separation  chamber  as  shown  in  Fig.  4.2.4.  /'pparent  density  at 
intermediate  levels  may  be  obtained  by  interpolation. 

The  excellent  visibility  afforded  by  the  liquid  oxygen  gives  a graphic 
appreciation  of  the  forces,  other  than  vertical,  operating  on  objects 
within  the  working  volume  of  the  fluid.  For  Instance, an  object  released  near 
the  pole  faces  can  be  seen  to  move  very  rapidly  to  the  center  plane  of  the 
magnet  and  then  sink  or  float  as  dictated  by  the  densities  of  the  medium  and 
object.  Additionally  there  is  another  force,  of  considerably  smaller  magnitude 
than  the  centering  force  which  acts  to  move  objects  in  and  out  of  the  magnet  gap. 
At  low  magnet  currents,  say  below  30  amperes,  the  force  is  directed  inward. 

Above  this  value  of  current  the  force  is  increasingly  stronger,  and  changes 
sense  or  polarity  such  that  at  maximum  magnet  current,  50  amperes,  there  is  a 
considerable  outward  force  on  an  object  to  expel  it  from  the  working  volume 
of  the  magnet  fluid.  In  addition  this  effect  is  not  symmetrical  from  front  to 
rear,  items  introduced  considerably  to  the  rear  of  magnet  center,  Z = 0,  tend 
to  exit  to  the  front  at  high  magnet  currents. 

The  above  observed  behavior  is  a result  of  the  imperfect  compensation  for  magnetic 
fringing  provided  by  the  magnet  shim  pads  at  various  field  strengths.  Flatter 
horizontal  magnetic  gradients  may  be  provided  within  the  central  zone  of  the 
magnet  by  using  a magnetic  having  wider  pole  faces.  It  should  be  recognized, 
however  that  a small,  consistent  exit  force  is  desirable  to  minimize  particle 
crowding  within  the  separation  chamber  and  to  provide  a means  of  removing  the 
light  float  fraction  from  the  separation  chamber. 
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It  has  been  noted  that  vhen  introducing  a quantity  of  fine  powder  into  the 
separation  chamber  that  the  powder,  after  spreading  over  the  surface  of  the 
liquid  oxygen,  would  move  toward  the  center  of  separation  chamber,  spread 
out  in  a line  in  the  Z direction  and  then  descend  to  the  bottom  as  a narrow 
curtain  or  veil  of  the  particles. 

Several  methods  were  used  to  introduce  the  powders  into  the  liquid  oxygen 
in  the  separation  chamber.  At  first  the  powders  were  merely  sprinkled  on  the 
surface  of  the  liquid  oxygen  through  a funnel  positioned  through  the  mirror 
plate.  Upon  hitting  the  liquid  oxygen  surface  the  relatively  warm  fine  particles 
could  be  seen  to  disperse  quite  rapidly  over  the  surface  of  the  liquid  oxygen 
before  separating  into  fractions. 

Later  the  powder  mixtures  were  first  placed  in  a small  test  tube  contained  in  an 
insulated  sheath.  By  removing  the  test  tube  from  the  sheath  and  touching  the  test 
tube  with  a gloved  hand  it  was  possible  to  generate  violent  bubbling  action 
within  the  test  tube  which,  it  was  hoped  would  stir  up  and  disperse  the  particles. 

An  ultrasonic  probe,  capable  of  operation  at  the  temperature  of  liquid  oxygen, 
was  obtained  to  disperse  the  particles  in  liquid  oxygen  before  pouring  the  liquid 
oxygen  into  the  partly  empty  separation  chamber. 

It  was  found  that  operating  the  magnet  without  its  mirror  plate  did  not  significantly 
degrade  the  magnetic  gradient  in  the  separation  chamber  so  the  ultrasonic  probe 
was  used  directly  in  the  chamber  to  disperse  the  powder  mixtures  to  be  separated. 

All  of  the  above  methods  of  particle  dispersion  yielded  essentially  identical  results: 
A relatively  pure  sink  fraction  containing  as  much  as  157.  of  the  input  material 
and  a float  fraction  that  was  not  perceptibly  enriched.  The  finer  particles 
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yielded  poorer  results.  For  example,  Figures  4.2.5  and  4.2.6  show  the 
results  of  separations  of  particle  mixtures  in  the  10-15^/»»ize  range  with 
good  enrichment  of  the  sink  fraction  and  a reasonable  yield.  Using  a mixture 
of  finer  particles  such  as  mixture  A of  Fig.  4.2.7  (Glass  microbeads, 

3.98  5-10f*'Snd  silicon  dioxide  = 2.65  gm/cm^  A.P.S.  gives  a good 

enrichment  of  the  sink  fraction  (Fig.  4.2.8)  but  with  a poor  yield  of  about  2-3% 
of  the  input  quantity  (about  5%  of  the  material  which  should  have  reported  to 
the  sink  fraction). 

It  is  possible  that  a contributing  factor  to  the  poor  yield  in  the  sink  fractions 
is  a vertical  convection  current  within  the  liquid  oxygen  due  to  excessive  heat 
leak  into  the  separation  chamber  even  with  the  sacrificial  barrier  of  liquid 
oxygen.  It  has  been  ftoted  that  a small  open  Dewar  flask  will  retain  liquid 
oxygen  in  the  separation  cbainber  is  dissipated  in  about  two  hours  indicating 
the  relatively  high  rate  of  heat  transfer  into  the  separation. 
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5.0  Magnet  Design 

The  initial  experiments  for  this  project  were  performed  on  a small  laboratory 
magnet  which  was  provided  with  a pair  of  hyperbolic  pole  faces  roughly 
corresponding  in  cross  section  to  the  expression 

XY  = t 4 

where  X and  Y are  in  inches . A mirror  plate  was  placed  at  the  origin  to 
eliminate  the  necessity  of  construction  and  upper  pair  of  poles. 

Fig.  5.1.1  shows  the  cross  sectional  view  of  the  magnet  and  mirror  plate 
where  it  may  be  seen  that  around  the  central  portion  of  the  magnetic  the 
contour  of  the  magnetic  agrees  well  with  the  mathematical  expression. 

Above  and  below  this  "working  zone"  the  magnet  is  truncated  to  minimize 
the  total  magnetic  flux  in  the  flux  return  path  thus  minimizing  the  amount 
of  iron  necessary  to  prevent  saturation. 

The  purpose  of  the  hyperbolic  pole  configuration  is  to  provide  a linear 
magnetic  gradient  on  the  axis  of  the  magnet.  Measurements  made  of  the 
field  strength  within  the  gap  have  shown  that  the  linearity  of  the  magnetic 
gradient  in  the  working  zone  has  not  been  effected  by  the  truncation  of  the 
magnetic  poles. 

Also  included  on  Fig.  5.1.1  are  data  on  the  coils  which  provide  the 
magnetomotive  force  for  this  magnet. 

At  a coil  current  of  50  amperes,  limited  by  the  power  supply,  the  maximum 
field  strength  in  the  gap  is  about  10,000  gauss,  which  is  well  below  the 
saturation  flux  of  the  iron  pole  structure  of  about  20,000  gauss. 
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Figure  5.1.1  SEPARATION  MAGNET  SPECIFICATIONS 


By  redesigning  this  coil  to  double  the  ampere-turns  it  would  be  possible 
to  double  the  field  strength  and  gradient  available  in  the  magnet  gap. 


An  early  evaluation  of  the  requirements  for  an  improved  magnet  system  for 
fine  powder  separation  indicated  that  a magnet  operating  at  saturation 
flux  level  (<^20,000  gauss)  and  a magnetic  gradient  of  5000  OE/CM 
would  be  required  to  provide  apparent  densities  of  about  7 gm/cm^  with 
ferrofluids  of  low  magnetism.  The  use  of  low  strength  ferrofluids  was 
dictated  by  the  necessity  to  minimize  the  particle  interaction  force,  which 
is  proportional  to  the  square  of  the  fluid  magnetization,  M. 

To  obtain  the  required  field  strength  and  gradient  specification  it  was 
necessary  to  decrease  the  vertical  magnet  dimension  and  gap  width  to  the 
extent  that  the  minimum  gap  width  was  about  .4  inch  with  correspondingly  small 
vertical  dimension.  These  very  small  dimensions  would  make  the  design  of  a 
separation  chamber  for  ferrofluids  a formidable  task.  Because  of  insulation 
requirement  the  design  of  a separation  chamber  for  use  with  liquid  oxygen 
in  such  a limited  space  would  be  quite  impossible,  unless  the  whole  pole 
structure  were  contained  within  the  liquid  oxygen. 

Therefore  the  completed  design  for  a high  gradient  magnet  is  not  considered 
suitable  for  the  separation  of  fine  powders  in  liquid  oxygen. 

The  existing  design  as  used  in  preliminary  experiments,  with  a modified  coll 
design  to  provide  a higher  field  strength  and  gradient  is  suitable  for  future 
experiments.  The  2 inch  gap  width  provides  space  for  insulation  and  the 
separation  chamber  which  contains  the  liquid  oxygen. 
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6 . 0 CONCLUSIONS  AND  RECOMMENDATIONS 


6.1  Conclusions 

Magnetic  fluids,  such  as  ferrofluids  and  liquid  oxygen  operating  in  a gradient 
magnetic  field,  are  capable  of  floating  objects  more  dense  than  any  other 
liquid  media,  and  therefore  represent  a potentially  valuable  tool  for  use  in 
the  separation  of  mixtures  of  various  non-magnetic  materials  according  to  their 
densities.  Unfortunately,  there  are  undesirable  side-effects  associated  with 
these  fluids  which  cannot  be  ignored  if  successful  separations  are  to  be 
accomplished. 


The  force  on  a non-magnetic  particle  in  a gradient  magnetic  field  is  approximately 
equal  to  the  product  of  the  magnetization,  M,  of  the  fluid  and  the  magnetic  gradient,!^. 
A magnet  with  hyperbolic  pole  faces  can  generate  a magnetic  field  having  a linear 


vertical  magnetic  gradient.  By  filling  the  gap  of  the  magnet  with  a suitable 
magnetic  liquid  and  aligning  the  axis  of  the  magnet  with  the  direction  of  gravity 
an  adjustable  magnetic  force  can  be  generated  on  a non-magnetic  particle  such  that 
the  particle  may  be  made  to  float  or  sink  selectively  in  the  medium.  In  addition 
to  the  vertical  magnetic  gradient  the  hyperbolic  magnet  configuration  has  horizontal 
gradients  which  result  in  horizontal  forces  on  a particle.  In  a magnet  of  practical 
pole  width  there  is  a diminution  of  field  strength  near  the  pole  edges  due  to 
fringing  effects.  This  may  be  countered  somewhat  by  pads  of  magnetic  material 
attached  to  the  edges  of  the  pole  faces  to  reinforce  the  magnetic  field  in  this 
area  by  shortening  the  gap.  It  has  been  found,  however,  that  a small  outward 
magnetic  force  is  desirable  to  aid  in  removal  of  floating  particles  from  the  medium. 

The  other  horizontal  gradient  is  such  that  all  non-magnetic  particles  in  the 
magnetic  liquid  within  the  magnet  gap  tend  to  move  to  the  center  of  the  magnet. 

The  magnitude  of  this  gradient  and  its  proportional  horizontal  force  is  a 
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function  of  the  position  of  a particle  within  the  magnetic  volume.  The 
horizontal  magnetic  force  is  related  to  the  vertical  magnetic  force  by  the 
expression 

_ _x 

I 
1 

From  this  expression  we  see,  for  example  that  a particle  at  X,Y  coordinates 
(1,2)  experiences  an  inward  force  1/2  as  great  as  the  levitation  force.  The 
situation  is  worsened  by  the  fact  that  the  vertical  levitation  force  (including 
the  buoyancy  force  of  the  liquid)  is  opposed  by  gravitational  force  such  that 
the  net  vertical  force  is  quite  small  and  in  a typical  separation  situation 
the  horizontal  force  is  predominant  for  particles  some  distance  from  the  center 
line  of  the  magnet.  The  result  of  the  above  action  is  that  all  particles  tend 
to  congregate  on  the  vertical  plane  of  symmetry  of  the  magnet  increasing  the 
opportunities  of  particle  interaction  and  misclassification. 

It  had  been  predicted  and  confirmed  by  experimental  evidence  that  there  is  a force 
of  attraction,  of  magnetic  origin, between  particles  of  like  and  unlike  materials 
which  may  be  greater  than  the  sink/float  forces  on  the  particles  with  a resultant 
misclassification  of  the  conglomerate  of  intermediate  density.  This  attractive 
force,  Fgg,  stems  from  the  distortion  of  the  magnetic  field  caused  by  the  presence 
of  the  non  magnetic  particles  in  the  field.  This  force  varies  as  the  square  of 
the  fluid  magnetization,  M,  the  sixth  power  of  the  particle  diameter,  D,  and  i 

inversely  as  the  fourth  power  of  the  particle  spacing,  a: 

Thus  the  interparticle  force  is  lessened  by  using  the  lowest  fluid  magnetization 
possible  and  by  Increasing  the  interparticle  spacing. 
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In  addition,  there  appears  to  be  an  interaction  between  fine  particles  and 
colloidal  ferrite  particles  of  the  ferrofluid  such  that  very  fine  non-magnetlc 
particles  gain  some  magnetic  properties  and  appear  to  be  heavier  than  their  true 
density.  It  has  been  tentatively  theorized  that  a ferrite  layer  of  constant 
thickness  attaches  to  all  particles  regardless  of  size.  For  small  particles, 
say  ^10  the  surface  area  to  volume  ratio  is  such  that  the  adsorbed  ferrite 

layer  can  change  the  effective  density  of  the  particle  by  as  much  as  50%. 

The  effect  diminishes  with  increasing  particle  size  until  the  effect  is  undetect- 
able for  particles  larger  than  about  100  ^ m.  From  the  above  effective  den- 
sity - particle  size  relationship  one  might  assume  that  in  operating  a powder 
having  a wide  range  of  particle  sizes  in  ferrofluid  would  result  in  a separation 
of  the  particles  according  to  size  - a sort  of  magnetic  sieve.  That  this  is  not 
the  case  is  attributed  to  the  particle  interaction  forces  since  it  was  observed 
in  flotation  experiments  of  particle  having  a wide  range  of  sizes  that  at  the 
apparent  density  transition  point  from  floating  to  sinking  the  particles  recovered 
in  the  float  and  sink  fractions  had  essentially  identical  particle  distributions. 

It  appears  that  the  power  mixtures  respond  according  to  the  average  particle  size 
of  the  mixture. 

The  fact  that  this  effective  density  - particle  size  relationship  was  not  present 
in  experiments  conducted  with  liquid  oxygen  lends  credence  to  the  assumption 
of  ferrite  non-magnetic  particle  interaction,  since  liquid  oxygen  is  a homogeneous, 
elemental  fluid. 

Early  experiments  were  performed  at  magnetic  field  strength  high  enough  to  cause 
magnetic  saturation  in  the  ferrofluid  used  with  the  result  that  the  magnetization 
of  the  fluid  was  constant  (but  variable  by  dilution)  and  a pool  of  constant 
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density  was  generated  for  separation  of  items  by  density  into  sink  and  float 
fractions.  In  this  case  the  apparent  density  of  the  ferrofluid  on  the  magnet 
center  line  was 


in  which  the  natural  density  of  the  fluid,  ^ , was  augmented  by  a magnetic 
"density"  proportional  to  the  product  of  the  fluid  magnetization,  M,  and 
the  magnetic  gradient,  T • 

It  was  proposed  to  manufacture  a ferrofluid  having  considerably  smaller  particle 
size  so  that  at  high  field  strength  the  ferrofluid  would  not  saturate  and  the 
fluid  magnetization  would  increase  somewhat  linearly  with  field  strength,  H, 
so  that  the  apparent  density  of  this  mediinn  varied  as  the  vertical  dimension  Y; 

a = t 2!:^ 

Here,  is  the  slope  of  the  magnetization  curve  . A ferrofluid 

of  this  type  was  never  manufactured  but  the  effect  was  observed  in  experiments 
with  liquid  oxygen,  a non- saturating  paramagnetic  liquid. 

The  most  successful  separations  experiments  of  the  program  involved  the  separation 
of  a binary  mixture  of  closely  sized  particles  using  a technique  in  which  a 
very  dilute  suspension  of  the  particles  was  injected  into  a ferrofluid  pool  such 
that  each  particle  entered  the  decision  point  on  the  centerline  of  the  magnet 
unencumbered  by  other  particles  and  moved  to  the  proper  reporting  point. 
Conglomeration  of  like  particles  after  the  decision  point  would  not  effect  the 
efficiency  of  the  separation.  These  experiments  resulted  in  a very  pure  float 
fraction  with  about  25%  of  the  light  material  recovered  in  the  floats.  The 
sink  fraction  was  considerably  enriched. 
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In  summary,  then,  there  are  several  factors  which  adversely  effect  the  separation  of 
mixtures  of  material  according  to  density. 

1.  There  is  a particle  to  particle  interaction  force  which  causes 
mlsclasslflcation  by  creating  an  agglomerate  of  intermediate  density. 

2.  A ferrite  to  non-magnetic  particle  interaction  which  causes  misclassiflcation 
by  altering  the  effective  density  of  particles. 

3.  A high  particle  concentration  is  conducive  to  particle  interaction. 

4.  The  effective  particle  concentration  is  increased  by  the  centering 
forces  on  the  particles. 


At 


81 


6.2  RECOMMENDATIONS 


The  design  of  a system  for  the  successful  separation,  by  density  of  mixtures 
of  fine  particles  involves  the  evaluation  and  optimization  of  a number  of 
conflicting  and  counteracting  factors. 

The  use  of  liquid  oxygen  as  the  magnetic  medium  has  been  demonstrated  to 
eliminate  the  very  undesirable  change  in  effective  density  experienced  in 
ferrofluid  on  particles  smaller  than  about  lOOyM  />1and  is  considered  to  be 
superior  to  ferrofluids  for  this  important  reason.  The  low  boiling  point 
and  high  volatility  of  liquid  oxygen  are  not  considered  to  be  insuperable 
problems . 

Liquid  oxygen  is  a paramagnetic  material  and  therefore  must  generate  a density 
gradient  in  the  separation  chamber.  The  magnitude  of  the  density  gradient  is  dictated 
by  separation  chamber  and  magnet  design.  The  use  of  a density  gradient  column 
offers  the  possibility  of  attaining  more  than  two  density  fractions  as  the  result 
of  a separation  depending  on  the  gradient  and  depth  of  the  chamber. 

A fluid  of  low  magnetization  is  desirable  to  minimize  the  particle  Interaction 
force.  In  order  to  achieve  the  required  apparent  density  however,  would 
necessitate  an  increase  in  the  magnetic  gradient,  which  in  turn 
increases  the  centering  forces  and  opportunities  for  particle  Interaction. 

For  these  reasons  it  is  thought  that  the  separation  apparatus  which  offers 
the  greatest  chance  for  success  is  an  adaptation  of  the  injection  technique  used 
somewhat  successfully  with  ferrofluids.  The  use  of  liquid  oxygen  would  eliminate 
the  undesirable  variation  of  the  effective  density  of  the  particles  with  size. 
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By  injecting  particles  on  the  centerline  of  the  magnet  from  a well  stirred 
or  agitated  suspension  essentially  one  particle  at  a time,  each  particle 
can  make  its  sink/float  decision  unhindered  by  other  particles  and  unaffected 
by  the  centering  forces.  In  this  way  the  untoward  effects  of  the  centering 
and  particle  interaction  forces  are  eliminated.  If  particle  agglomeration 
should  occur  it  would  be  after  the  sink/float  decision  has  been  made  and  the 
interaction  should  be  between  like  particles  which  would  not  effect  the  quality 
of  the  separation. 

The  injection  of  the  particles  would  be  accomplished  by  the  magnetic  force  of 
atteaction  on  the  liquid  oxygen  which  would  be  drawn  into  the  magnet  gap 
carrying  the  non  magnetic  particles  into  the  center  of  the  separation  chamber 
against  the  horizontal  pressure  gradient  associated  with  the  horizontal  magnetic 
gradient.  Heavy  particles  would  sink  to  the  bottom  of  the  separation  chamber  and 
remain  there.  Light  particles  would  float  to  the  surface  and  then  move  forward 
and  backward  under  the  influence  of  the  small  magnetic  gradients  in  the  Z -direction 
to  suitable  catch  trays  positioned  in  the  magnetic  liquid.  Particles  of 
Intermediate  density  will  be  similarly  propelled  along  levels  of  constant  density  to 
be  retained  in  compartmented  trays. 

The  material  throughput  rate  fcr  a single  injection  of  particles  is  probably 
quite  low.  This  situation  could  be  improved  considerably  by  the  use  of  multiple 
injection  of  particles,  from  the  same  reservoir,  along  the  center  line  of  the 
magnet.  In  addition,  the  process  described  above  is  essentially  a continuous 
process  with  respect  to  the  input  of  material  and  may  be  operated,  unattended, 
for  extended  periods  of  time. 

The  separation  of  mixtures  of  fine  particles  according  to  density  is  considered  feasible 
using  liquid  oxygen  as  the  magnetic  medium.  Additional  experimental  effort  is  required 
in  the  areas  of  fine  particle  handling ^dispersion  and  introduction. 
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APPENDIX  A 


1.0  Calculation  of  the  Force  on  a Magnetic  Dipole  in  a Magnetic  Field. 

1.1  The  force  on  a magnetic  pole  m (unit  poles)  in  a magnetic  field 
(Oersteds)  is  given  by 


F = 


n dynes 


To  calculate  the  force  on  a dipole  decompose  it  into  its  component 

part. 


yM  — y(A- 


The  ^ component  of  the  dipole  can  be  considered  to  be  two  poles  of 
strength  and  separated  by  a distance<^X» 


AX 


f 

4-- 4 


The  force  on  the  two  poles  is  given  by 

0) 


PCX')  = j y > *) 


Thus  the  force  on  the  dipole  can  be  written 


I 


Taking  the  limit  as 


The  y and  z directed  forces  on  this  dipole  are  similarly  calculated  as: 


= 


yUx 


Al 


By  symmetry one  can  deduce  that  the  forces  onyU^  and^^^re 
given  by 


R. 

P’y  S yA4t^ 

v*^ 

>i 


= /a»  V 


Fy  -/A, 


Fa  - 


Combining  the  results  of  1.1  and  1.2 

■F*  +■ 


^ 14«  ,,  bHx  /Xa  bHj 


' ^ '•  ^>1  ~3B 

Fn  = V /^-i  IBA  V ^ 

OK  ^ O * 

Fa  = Ma  2Ji»  +/W-3  iBi  + /«-» 

^x.  'll  4 


Examining  the  x-component  of  force  one  sees  that 


= ^ /^1  + /"•  w 

^x=(/^‘  v)^'' 


1.5  Thus  one  can  write  the  force  on  a dipole  in  a magnetic  field  as 


F = (^.  V)  H 

wherey^»^is  a scalar  operator  operating  on  each  component  of  the 
vector  field  Thus  the  force  in  the  x direction  is  determined 

by  the  operator^^C?»^operating  on  the  x component  of  the  magnetic 

fi.idH^.  -v)  H» 

V)  Hy 
CEC'^)  Ha 

2.0  Calculation  of  the  Force  on  a M^netic  Particle  in  a Magnetic  Field 


2.1  Case  I magnetized  (saturated)  particle  of  volume  V 

/(  -=  Ms  y/ 

2.1.1  The  saturated  particle  will  align  Itself  with  the  magnetic 
field  such  that 


field  such  that 


^ = M ^ 

/H(  |«l 

L a saturated  particle  is  given  by 

^ tT  _ \-rr 


=/<i  |H| 


r-  J_  fu  J.  U 

^ |H(  TT  'is  J 

py  =A  jfjf  (hx  ^ 


+ 


A3 


The  force  on  a saturated  particle  in  a magnetic  field  is 
sometimes  given  as  proportioanl  to  the  gradient  of  the 
magnitude  of  the  magne^c  field  IhI  . To  test  this  assumption 
one  can  calculate  V7|H|.  / 


Comparing  the  last  two  equations  with  the  force  equiations  one  can 
see  that  the  force  on  a saturated  particle  is  not  proportional 
to  nless 


But  as  will  be  discussed  in  section  3.0  the  magnetic  field  strength 
is  defined  as  the  negative  gradient  of  a scalar  potential  ^ 


tt  = -'V  4 


(c 


A4 


or 


Thus 


i4k  = 

I4<\*  - ^k-3!. 


= -A  ,^f 


The  physics  of  the  magnetic  field  therefore  imposes  the  relationship 


F 


1h 


or  in  words  the  force  on  a saturated  magnetic  particle  is  equal  to  the 
dipole  moment  of  the  particle^^  times  the  gradient  of  the  magnitude 
of  the  magnetic  field.  ^ 

2.2  Case  II  unsaturated  particle  of  volume  ^ 

^ = IM  \/ 

2.2.1  The  magnetization  AA  of  a paramagnetic  particle  is  dependent  on  its 

demagnetizing  factor^^^  which  is  geometry  dependent  and  its  susceptibility 
. The  field  internal  to  an  ellipsoidal  particle  in  a magnetic 
field  is  given  by 


K 


Ai  ' Jj  I 

where  is  the  demagnitizing  factor  (for  a sphere  ~ *9  ) 


but  NV  therefore 

M = 

H-%M 


(2)  R.M.  Bozorth,  "Ferromagnetiam"  page  10. 
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Therefore  the  dipole  moment  of  a paramagnetic  particle  in 
a magnetic  field  is  given  by 


— ^olume^  ^ 

l+'XN 

For  the  purpose  of  this  calculation  let 

K =^olume'y3f^/f2rA/) 

therefore^<^  = ^ 

2.2.2  Combining  the  results  from  paragraph  1.5  and  2.2.1  one  finds  that 
the  force  on  a paramagnetic  particle  is  given  by 

■p  = C;^r.  V)  IH 

To  relate  this  to  the  gradient  of  the  field  one  must  again  ^ 

expand  into  components.  S ll  ^ 

T.JT  K V 

F.*«  K -t-Kfe  i 

Now  the  gradient  of  tlie  magnitude  of  the  field  is  given  ^ ^ 

vIhI  (Wx'‘+ 

j 


Thus  along  the  curve  defined  by  the  equation  xy  = a (first  and  third 
quadrants)  the  magnetic  scalar  potential  is  given  by 

and  along  the  curve  defined  by  the  equation  xy  = a (second  and  forth 
quadrants)  the  magnetic  scalar  potential  is  given  by: 

A magnetostatic  potential  must  satisfy  Laplace's  equation 


It  is  easily  shown  that 


4-  ^ 4-  H = O 

Now  the  magnetic  field  strength  ^ (in  the  absence  of  currents)  is 
defined  as  the  negative  gradient  of  the  magnetic  scalar  potential 


Thus 


and 


H =-  v4  = - t- 

Hx  a - ^ » 


_ ^ 

-4 


For  the  purpose  of  this  discussion  it  is  convenient  to  write 


as 


T 


therefore 


4/a 


4 = 

Mk  s -T'  u 
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From  the  definition  of  the  magnetic  field  as  the  negative 
gradient  of  a scalar  magnetic  potential  one  has: 

Therefore 

~ TT 

and  the  force  on  an  unsaturated  (i.e.  paramagnetic)  particle 
can  be  vritten 

^•=.  K V 1H| 

which  is  easily  shown  to  be 

” F » V { m'  + Wi" y-  J 

In  words,  the  force  on  an  unsaturated  (paramagnetic)  particle 
is  proportional  to  the  gradient  of  the  magnetic  field  squared. 

3.0  The  magnetic  Field  in  a quadrupolar  magnet. 

The  pole  pieces  of  a quadrupolar  magnet  have  a hyperbolic  geometry.  Thus 

a pole  surface  is  defined  by  a portion  of  the  curve. 

cx 

If  one  energizes  the  poles  shown  in  Figure  1 the  magnetic  scalar  potentials 

of  the  poles  are  ^ ^ ^ O 

One  can  therefore  write  the  magnetic  scalar  potential  in  the  region 


enclosed  by  the  poles  as 
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3.1  Calculation  of  the  force  on  a saturated  magnetic  particle  in  a 
quadrupolar  magnetic  field 

As  shown  in  paragraph  2.. 12  for  force  or  a saturated  particle  Is  given 


P =/(s  V Ih| 


in  a quadrupolar  field 


Therefore 


\h|  = T 
VIHI' 

= /W,Tx  _ 

~SW\ 

Fm  * 

1 ■ rvJ#fT^ 


Thus  one  can  see  that  in  the  central  plane  of  a quadrupolar  magnet  (x  = 0) 

FJt.  = O 

T.J 

While  as  one  moves  from  the  central  plan  Fx  increases. 

The  force  on  a saturated  particle  is  always  directed  radially  away  from 
the  center  of  the  quadrupole.  In  the  case  of  a nonmagnetic  bubble  in  a 
saturated  ferrofluid  the  force  is  always  directed  radially  toward  the 
center  of  the  quadrupole. 


AlO 


3.2  Calculation  of  tlie  force  on  an  unsaturated  (paramagnetic)  particle 
in  a quadrupolar  magnetic  field 


As  shovm  in  paragraph  2.2.2  the  force  on  a paramagnetic  particle  is 
given  by 


= Ch  h') 


In  the  case  of  a quadrupolar  field. 


■h“=  T*  y J 


and:  ^ 

= T'CxVij'-) 

thus;  ^7 

■n)=  2-p\.^x 

therefore:  ” 

K-r'C;t  X i- 

or  Pk  ^ 

kt'-x 

Wh*re|^was  defined  in  paragraph  2.2.1  as 
^ = (volume  of  particle) 


vAiere 


= susceptibility  of  the  material 

= the  demagnetizing  factor  for  the  sample  particle 

{ = 1 for  a spherical  particle) 

Aw  3 


As  in  the  case  of  the  saturated  particle,  the  force  on  a paramagnetic 
particle  is  directed  radially  away  from  the  center  of  the  quadrupolar 
field.  In  the  case  of  a bubble  in  a paramagnetic  liquid  the  force  is 
directed  radially  toward  the  center  of  the  quadrupole. 


All 


APPENDIX  B 


SECOND  ORDER  EFFECTS  IN  FLUIDMAGNETIC  BUOYANCY 


R.  A.  Curtis* 

Systems  Division,  AVCO  Corporation 


I 

I 


♦Permanent  address:  Pxxrdue  University,  School  of  Aeronautics  and 

Astronautics,  West  Lafayette,  Indiana. 


ABSTRACT 


A non-magnetic  solid  object  placed  in  a magnetically 
responsive  fluid  in  the  presence  of  a magnetic  field  gradient 
experiences  a net  buoyancy  force  of  magnetic  origin.  A procedure 
is  developed  to  account  for  the  effects  of  magnetic  field 
distortion  due  to  the  difference  of  magnetic  permeability  between 
the  fluid  and  the  solid  and  non-zero  dependence  of  fluid  mag- 
netization of  magnetic  field  strength.  This  procedure  gives  an 
expression  for  the  magnetic  buoyancy  force  correct  to  first  order 
in  the  dimensionless  magnetization  of  the  fluid  and  in  the 
dimensionless  variation  of  fluid  magnetization  across  the  object. 
Calculations  are  performed  for  a sphere,  cylinder  and  plate  in  an 
applied  magnetic  field  where  the  field  and  field  gradient  are  either 
aligned  or  at  right  angles  in  order  to  give  an  indication  of  the 
range  of  force  variation  due  to  a change  of  shape  and  due  to  a 
change  of  applied  field  geometry.  Variations  on  the  order  to  10% 
can  be  expected  in  typical  applications. 
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INTRODUCTION 


Fluids  which  have  a strong  magnetic  polarization  have  been 
developed.  Such  fluids,  called  ferrofluids,  behave  as  true 
fluid  continue  in  a variety  of  circumstances  although  they  demon- 
strate special  characteristics  arising  from  their  magnetic 
properties.  One  such  characteristic  leads  to  the  phenomenon  of 
f luidmagnetic  buoyancy.  This  term  refers  to  the  force  experienced 
by  a non-magnetic  body  when  placed  in  a ferrofluid  in  the  presence 
of  a magnetic  field  gradient.  It  has  been  shown  by  Rosensweig  (1) 
that  the  magnetic  buoyancy  force  exerted  on  such  a non- 
magnetic body  of  volume  V is  given  by 

Fj^  = -VMVH  (1) 

where  M is  the  magnetization  of  the  ferrofluid  and  VH  is  the 
gradient  of  the  magnitude  of  the  magnetic  field.  This  force 
exists  in  addition  to  the  normal  buoyancy  force  which  exists 
in  the  presence  of  gravity.  One  way  of  interpreting  the  magnetic 
buoyancy  force  is  suggested  by  an  analogy  with  gravitational  buoy- 
ancy. Thus,  consider  a region  of  stationary  ferrofluid  in  equil- 
ibrium in  the  presence  of  a magnetic  field  gradient  in  the  absence 
of  gravity.  Now  the  ferrofluid  can  be  viewed  as  a collection  of 
magnetic  dipoles  each  of  which  experiences  the  well-known  dipole 
force  in  the  presence  of  a magnetic  field  gradient.  Thus  the  fluid 


B-3 


in  any  small  subvolume  must  experience  a force  which  is  the  summa- 


tion of  these  dipole  forces.  But  since  the  fluid  is  in  equilibrium, 
this  magnetic  force  is  balanced  by  surface  forces  exerted  by  the 
surrounding  fluid.  Now  if  we  imagine  the  fluid  in  this  sub- 
volume to  be  replaced  by  some  nonmagnetic  solid  then  this  solid 
will  experience  this  surface  force  above,  a force  which  arises 
from  the  magnetic  characteristics  of  the  surrounding  fluid.  This 
analogy  for  f luidmagnetic  buoyancy,  descriptive  as  it  is,  fails  to 
account  for  the  local  distortion  of  the  magnetic  field  caused  by 
the  presence  of  the  non-magnet ic  region.  In  addition  there  is  a 
second  factor  which  will  have  to  be  considered,  namely  the 
variation  of  fluid  magnetization  with  magnetic  field.  This  varia- 
tion, which  is  always  present,  will  give  a further  distortion  of 
the  surface  force  distribution  over  that  predicted  by  the  gravita- 
tional buoyancy  analogy.  These  two  effects  will  appear  as 
corrections  to  the  result  stated  in  equation  (1) . The  two  correc- 
tions noted  here,  due  to  field  distortion  and  to  variation  of 
magnetization  with  magnetic  field,  have  analogues  in  the  case  of 
gravitational  buoyancy  although  the  effects  are  quite  small.  The 
gravitational  field  distortion  is,  of  course,  extremely  small  and 
the  variation  of  fluid  density  with  pressure  given  an  extremely 
small  effect  in  liquids.  In  fluidmagnetic  buoyancy,  though,  the 
related  magnetic  effects  can  be  significant. 


r 
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1.  FERROHYDROSTATICS 

In  a ferrofluid  at  rest  there  exists  a balance  of 
mechanical  (pressure)  and  electromagnetic  stresses  such  as  to 
satisfy  the  following  equation  (2) 


3P 


3T. 


(2) 


where  P is  the  mechanical  pressure  and  the  Ma:cwell  stress 

tensor,  is  given  by 


The  subscripts  here  represent  the  Cartesian  tensor  notation; 
is  the  magnetic  field;  is  the  magnetic  induction;  B and 
H denote  the  magnitudes  of  vectors  B^  and  respectively.  Notice 
that  this  expression  for  the  force  balance  uniquely  separates 
the  mechanical  stress  from  the  magnetic  stress . This  separation 
is  possible  (3)  if  the  fluid  magnetization,  defined  by  the  con- 
stitutive equation 


H ■ ^ (1  - H) 


(3) 


B-5 


has  the  follcwing  form 


H - M (T.H)  a„ 
n 


(4) 


where  M is  the  magnitude  of  the  magnetization  vector,  T 

is  the  fluid  temperature,  and  e is  a unit  vector  in  the 

H 

direction  of  the  magnetic  field. 

We  will  assume  that  the  magnetization  has  no  temperature 
dependence.  Then  equations  (2),  (3),  and  (4)  combined  with 

the  equation  V • B = 0 give 


- VP  - [1  + An  §][H  X (V  X H)]  - 0 (5) 

n “ 

If  the  fluid  is  non-conducting,  Ampere's  Law  requires  that  V x H 
0 so  we  can  conclude  that  the  mechanical  pressure,  under  the 
stated  conditions,  is  uniform  throughout  the  fluid. 

The  force  exerted  on  a solid  surface  in  contact  with  the 
ferrofluid  is  not  determined  solely  by  the  mechanical  pressure 
but  has  contributions  from  the  magnetic  forces  which  act  on  the 
fluid  and  are  transmitted  at  the  interface  to  the  solid.  The 
force  exerted  by  the  fluid  on  the  wall,  which  will  be  referred 
to  as  (it  is  a normal  force  and  can  thus  be  represented  as  a 
pressure  as  will  be  shown  below)  , is  different  from  the  sum  of 
the  mechanical  pressure  and  the  magnetic  potential  ( | MdH) 
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by  a term  which  represents  the  magnetic  force  exerted  on  the 
magnetic  "charge"  (M  • n)  which  naturally  exists  at  the  inter- 
face. The  specific  form  of  this  surface  term  follows  from 
equation  (2)  as  applied  to  a pillbox  located  at  the  inter- 
face such  that  one  of  its  ends  is  located  just  inside  the  fluid 
and  the  other  end  is  located  just  at  the  edge  of  the  fluid.  It  is 
recognized  in  discussing  this  pillbox  that  the  fluid  magnetization 
varies  continuously  in  approaching  the  interface  from  a finite 
value  just  inside  the  fluid  to  a value  of  zero  as  we  reach  the 
portion  of  the  interface  where  there  is  no  longer  any  fluid. 

The  pillbox  is  imagined  to  become  small  such  that  its  height  is 

always  small  relative  to  the  diameter  of  its  end  face.  Integrating 
equation  (2)  across  this  imaginary  pillbox  using  the  divergence 
theorem  to  convert  the  volume  integrals  to  surface  integrals  we 
have 

(P^,  - P)  n.  = { T.  . n.  } (6) 

w 1 ij  j ' 


where  n^  is  the  unit  normal  vector  to  the  interface  (pointing 
into  the  fluid)  and  the  bracket  denotes  the  change  of  the  enclosed 
quantity  from  just  outside  to  just  inside  the  fluid.  Evaluating 
the  right-hand  side  of  equation  (6)  using  the  Maxwell  stress 
(equation  2)  gives 


(Ty  „^) 


- (nj  j 


BdH) 


(7) 
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Applying  the  two  Ma:rwell  equations  (V  • B = 0 and  V x H = 0)  across 
the  pillbox  establishes  that 

MdH)  n + 27t  (M  . n)^  n 


Notice  that  there  is  no  tangential  component  to  this  magnetic 
force,  a consequence  of  the  condition  M x H = 0 implied 
by  equation  (4).  Thus, 


H 

P - P + I KdH  + 2tt  (H  . n)2 


(8) 


The  second  term  on  the  right  represents  the  integrated  effect  of  the 
magnetic  body  force  acting  throughout  the  volume  of  the  fluid  and 
the  last  term  represents  the  magnetic  force  acting  on  the  surface 
"charge"  layer  at  the  interface.  The  net  force  exerted  by  the 
fluid  on  a submerged  object  is  then  given  by 

-m  J w (9) 

8 

where  the  integration  extends  over  the  surface  of  the  object  in 
question. 

Since  in  the  electrically  non-conducting  fluid  situation  with 

temperatxire-independent  magnetization  considered  here  the 

mech£inical  pressure  is  constant,  the  evaluation  of  F involves 

m 
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the  determination  of  the  magnetic  fields  at  the  surface  of  the 
non-magnet ic  object.  Thus  we  need  to  solve  the  magnetostatics 
problem  in  the  fluid  and  in  the  non-magnetic  solid.  In  the  solid 
magnetic  field  satisfies 


V • H = 0 

V ::  H = 0 


(10) 


so  that  the  magnetic  field  can  be  derived  from  a potential 
which  satisfies  Laplace's  equation.  In  the  fluid  the  appropriate 
field  equations  are 


V X H = 0 

V*H+4if^  *M=0 


Using  equation  (4)  the  latter  equation  becomes 

(1  + V • H + (H  • V)  ^ - 0 


(11) 


(12) 


Our  interest  here  will  be  restricted  to  the  solutions 
of  equations  (11)  in  the  case  where  the  fluid  is  nearly  saturated 
(corresponding  to  sufficiently  high  magnetic  fields) . Thus  the 
magnetization  can  be  expressed  as  a function  of  H as 


M - + 

o 


(^) 


(H  - H^) 


(13) 
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where  is  the  value  of  magnetization  corresponding  to 

3M 

and  where  it  will  be  assumed  that  (-r-)  is  a constant, 

3H  o 

independent  of  H.  Our  attention  will,  furthermore,  be 
restricted  to  a consideration  of  magnetic  fields  which  possess  a 
gradient  (r)  . The  quantity  r can  be  viewed  as  the  field  gradient 
in  the  absence  of  the  fluid  as  will  be  clarified  later. 

Notice  that  equation  (12)  is  non-linear.  The  solution 
depends  on  the  following  dimensionless  quantities 


4uM 


P = 


= Wo 


(14) 


where  a is  a measure  of  the  size  of  the  non-magnetic  object 
(radius  of  a sphere,  for  example) ; g measures  the  percentage 
change  in  the  applied  magnetic  field  over  a distance  characteristic 
of  the  submerged  object.  It  will  be  assumed  that  p,  6,  and  e 
are  small  quantities.  The  magnetic  field  then  will  be  expanded 
in  ascending  powers  of  these  smallness  parameters.  Thus, 


where  H is  a constant  and  the  h.  are  dimensionless  functions  of 
— o ~i 

position  and  have  magnitudes  of  order  one.  The  term  ^ —1 
represents  the  (applied)  field  gradient;  P II2  represents  the 
field  due  to  the  distribution  of  "charge"  at  the  surface  of  the 
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non-magnetic  body.  There  is  no  term  linear  in  6 since  the  6 
correction  (equation  13)  always  appears  multiplied  by  another 
smallness  parameters.  Representing  the  magnitude  of  the 

1 

I magnetic  field  by 


H-H  U + ehj^+ph^  + 0 (ep)] 


(16) 


equation  (12)  becomes 


(1  + p + 0 (ep)]  V . H - (p-5)  c (Cj^  • 7)h]^  + 0(p2)  - 0 


(17) 


The  magnetic  field  will  be  calculated  here  correct  to  0(cp,  e{)  . 
The  term  of  order  c gives  the  lowest  order  contribution 
to  the  force  i.e.  equation  (1) . The  term  tP  will  give 
the  lowest  order  effect  due  to  the  finite  magnetization  of  the 
fluid,  the  term  will  give  the  lowest  order  effect  due 

to  the  departure  from  complete  saturation.  For  the  symmetric 
bodies  considered  here  (sphere,  cylinder,  plate  with 
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short  dinension  aligned  with  the  principal  coraponent  of  the  magnetic 
field  gradient)  even  terms,  such  as  , will  Integrate  to  zero  when 
Inserted  into  the  expression  for  • As  a consequence  size  effects 
(the  size  appears  only  in  e ) will  not  appear  as  a lowest  order 
correction  - size  appears  as  a correction  at  least  of  O(e^)  . 

Inserting  equations  (15)  and  (16)  into  equation  (17)  gives  the 
following  equations  for  the  h^ 

V • e 0 

V * h2  " ® 

^ • IL3  + • '7)  - 0 (18) 

o 

V . + (^  . V)  h|  - 0 

o 

V X h^  - 0 , all  1 

Thus  hj^  and  can  each  be  found  using  a potential  which  satisfies 

Laplace's  equation.  This  is  not  true,  however,  for  and  h^  . 

The  procedure  for  constructing  the  field,  correct  to  0(cp)  , is  best 
illustrated  by  an  example  as  is  provided  in  the  next  section. 

2.  SPECIFIC  F.XA.MPLES  OF  SIN’GLE  PARTICLE  FLUIDyAGNETIC  BUOYAh’CY 

A.  Right  Circular  Cylinder  in  Aligned  Field  Case 

Consider  an  infinitely  long  non-magnetic  right  circular  cylinder 
of  radius  a placed  in  a ferrofluld  in'  a region  in  which  the  magnetic 
field  and  magnetic  field  gradient  are  aligned  (i.c.,  the  cross-product 
of  the  field  and  field-gradient  is  zero  to  0(e))  . Cartesian  and 
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cylindrical  coordinate  systems  with  their  origins  at  the  center  of  the 
cylinder  will  be  used.  The  polar  angle  6 Is  measured  from  the 
direction  of  the  applied  magnetic  field. 

As  a more  intuitive  approach  to  constructing  the  magnetic  field 
than  that  outlined  in  the  previous  section  consider  the  following:  a 

magnetic  field  with  an  associated  field  gradient  is  produced  in  the 
region  occupied  by  the  fluid  and  cylinder  in  the  absence  of  both  the 
fluid  and  cylinder  (this  represents  11  and  ' );  the  influence  of 

the  fluid  is  then  added  (giving  contributions  to  the  terms  h^^ 
h^  );  and  finally  the  field  associated  v;ith  the  magnetic  "charge"  layer 
associated  with  the  cylinder  is  added  (giving  h^2  additional  terms 

lij  and  h^  ).  Thus  an  acceptable  field  in  the  absence  of  fluid  and 
cylinder  is  given  by: 

H - (H^  + rx)  £ + (-ry)  j 

In  the  presence  of  the  fluid  this  field  must  be  corrected  by  a term 
hj  (which  is  not  divergence  free).  An  acceptable  correction  is  given 

by: 

H - (H  + r(l  + p - 6)x]£  + [-ry]J 
““  o 

Finally,  consider  the  effect  on  this  field  of  adding  the  cylinder. 
The  presence  of  the  cylinder  introduces  additional  fields  (li^  £13) 

which  arc  divergence-  and  curl-free  (the  part  of  h^j  which  is  not 
divergence  free  was  accounted  for  in  the  previous  step).  The  exact 
form  of  and  h^  is  dictated  by  the  necessity  of  satisfying 

the  magnetic  boundary  conditions  • e } ■ 0 and  {e.  x H)  ••  0 
at  the  surface  of  the  cylinder.  The  field  inside  the  cylinder  must  be 
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divergence-  and  curl-free.  Consider  then, 


H,  « (H,  + B'x)l  + (-B'y)j 

where  and  B'  are  constants.  The  boundary  conditions  can  be 

satisfied  to  0(cp)  provided  la  a dipole  of  strength  (l/2)(p  11^  a^) 

oriented  In  the  x-dlrcctlon  and  the  additional  term  in  h^j  Is  due  to 
a quadriipole  of  strength  (l/8)(p+5)c  a^  . The  dipole  and  quadrupole 
terms  are  derived  from  the  following  potentials; 

^ m C03  6 

Dipole  r 

^ j " (cos^  0 - sln^  0) 

Quad  r2 

Corresponding  to  these  values,  the  values  of  and  B are; 


B - r (1  + I c - i 6) 

The  field  In  the  fluid  at  the  surface  of  the  cylinder  is  then  given 
by; 

^ ■ [cos  6 - i p cos  0 + e (cos^  0 - sin^  0) 

H ^ 

O 

+ cp  cos^  ® ^ sln^  0)  + ^ e6  (~  ^ cos^  6 + sin^  6)]  e^ 

- [sin  0 + -|  p sin  0 + 2e  sin  0 cos  0 

+ Y ep  aln  0 cos  0 - ^ sin  0 cos  0]  e^  (19) 

Knowing  this  magnetic  field  distribution, ^the  net  force  on  the' 
cylinder  can  be  calculated  using  equation  (9).  Thus,  the  force  Is 
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given  by,  after  some  algebraic  manipulations, 


r v(i  + p - I 6)j  (20) 

B.  Results  for  Additional  Geometries 

To  give  an  indication  of  the  range  of  second-order  effects  possible 
in  fluldmagnetlc  buoyancy  calculations  similar  to  those  presented  In 
the  previous  section  have  been  carried  out  for  the  follov;ing  additional 
cases:  cylinder  in  a crossed  geometry  (magnetic  field  and  field 

gradient  at  right  angles);  a sphere  and  a flat  plate  in  the  aligned 
and  crossed  field  geometry.  The  plate  is  stably  aligned  when  its 
short  axis  is  aligned  in  the  direction  of  the  gradient  of  the  magnitude 
of  the  magnetic  field. 

The  results  of  these  calculations  are  summarized  in  the  following 
table : 


ALIGNED  7H  + f H 

CROSSED  7H  f H 

CYLINDER 

- rv  (1  + p - 

0 L 

\ 

- rv  (1  + 1 6) 

SPHERE 

- rv  (1  + p - 6) 

O i 

- rv  (1+1  6) 

PLATE 

1 

- M rv  (1  + 6) 

0 

rv  (1  + p) 

Table  1:  Summary  of  Force  Corrections  Due  to  Finite 

Magnetization  (p)  and  Incomplete  Saturation  (6). 
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The  shape  dependence  Is  clearly  seen,  for  Instance,  in  the  absence 
of  the  finite  nagnetization  correction  from  the  cylinder  and  sphere 
In  the  crossed  geometry  although  it  does  appear  for  the  plate  in  this 
geometry.  It  will  also  be  observed  that  the  sign  of  the  finite 
magnetization  correction  changes  for  the  cylinder  and  sphere  between 
the  aligned  and  crossed  geometry. 

To  give  an  idea  of  the  magnitudes  of  these  corrections  in 
practice,  consider  the  following  typical  set  of  parameters  for  flui^- 
magnetlc  buoyancy: 

H ■ 10^  oe  ; 4it  M » 10^  oe  ; ~ (|^)  ■ 10”"**  (oe)“^ 

O 0^1  oil  O 

O 

giving  p ■ ,10  ; 6 " .01  . Thus,  for  example,  a variation  of  about 
10%  in  the  buoyancy  force  could  be  expected  between,  say,  a sphere  and 
a plate  in  either  the  aligned  or  the  crossed  geometry. 
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APPENDIX  C 


HIGH  GRADIENT  MAGNETIC  DESIGN 
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